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Abstract 
The Surat Basin in Australia is being investigated for its suitability for climate abatement scale 
commercial carbon capture and storage (CCS) sites. A possible target horizon for injection of CO2 
is the Precipice Sandstone aquifer in the Southern Surat Basin. Not only is the Precipice 
Sandstone the lowermost aquifer in the Great Artesian Basin but the most prospective storage 
sites lie in the vicinity of the Moonie Fault System. Understanding the hydraulic nature of the 
Moonie Fault System in this region is one of the important uncertainties for de-risking the 
carbon storage potential. 
The Early Jurassic predominantly quartzose Precipice Sandstone is the oldest stratigraphy of the 
Surat Basin. A gradational boundary separates the Precipice Sandstone from the overlying 
Evergreen Formation, which is characterized as a sealing feature. The outcrop of the Precipice 
Sandstone is in the Northern Surat Basin while the layer dips southwards and reaches a depth of 
2100 m b.s.l. at the Moonie Fault. The Moonie Fault is a predominantly north-south trending, 
high-angle reverse down-to-the-west fault. Close to the fault there is the Moonie Oil Field, which 
has produced since the 1960’s. The oil is reservoired in two separate units within the Precipice 
Sandstone – the 56- and 58-sands and its source rock is from much deeper Permian strata in the 
underlying Bowen Basin that most likely migrated up the fault system.  
This study examines the generally undocumented hydrochemistry of the Precipice Sandstone 
aquifer, as well as different conceptual scenarios of inter-aquifer-connectivities in order to test 
the hypothesis that certain segments of the Moonie Fault system are providing vertical hydraulic 
communication. One possible scenario is the potential up-fault discharge from the deep 
groundwater to the surficial drainage system along the Moonie Fault, which is assessed in detail 
in this study. The surficial drainage system in the study area comprises three different streams 
(Moonie River, Weir River & Wyaga Creek), all flowing to the south-west as tributaries to the 
Barwon River. Surface water samples from all three streams have been collected within this 
study. Groundwater samples from the Moonie Oil Field were used to determine the Precipice 
Sandstone hydrochemistry. The general geochemical signature of the aquifer is required to 
assess up-fault influx into the surface streams. Indicators for a hydraulic connection are changes 
in major ion concentrations, pH, SPC or an increasing concentration of 222Rn. None of the 
indicators showed evidence for an up-fault discharge of Precipice Sandstone water along the 
Moonie Fault.  
To obtain a detailed knowledge of the Na-HCO3-type water of the Precipice Sandstone aquifer 
further approaches were used. This includes the analysis of the stable isotopes of water (δ18O & 
δ2H) to assess the origin and possible trends of the recharge water, the comparison of 
groundwater data from the Northern Surat Basin and the study area and finally an attempt of 
geochemical modelling. All approaches indicate a complex formation history of the Precipice 
Sandstone water with evidence of a recharge zone in the Northern Surat Basin and ion-exchange 
processes within the aquifer, as well as an additional carbon source to achieve the Na-HCO3-
water type.  
To completely understand the formation of the Precipice Sandstone water, as well as to 
investigate the remaining conceptual scenarios of hydraulic communication along the Moonie 
Fault System, more data is needed. This study considers a scenario to be most likely in which no 
fluid or gas is leaking to the surface, but inter-aquifer connectivities in deeper stratigraphic units 
are still highly probable. In order to ensure a safe geostorage of CO2 in the Precipice Sandstone, 
further research is needed in this area. 
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Abbreviation Definition 
AGD Australian Government Data 
ALS ALS Laboratory Group, Environmental Division Brisbane 
C1 methane 
C2 ethane/ ethene 
C3 propane / propene 
C4 butane / butene 
CCS Carbon Capture and Storage 
CCSG Centre for Coal Seam Gas at University Queensland 
CGI Carbon Geostorage Initiative 
FDC Flow Duration Curve 
GAB Great Artesian Basin 
GMWL global meteoric water line 
GW  groundwater  
GWDB Groundwater Data Base 
KIT Karlsruhe Institute of Technology 
LMWL local meteoric water line 
m a.s.l. meters above sea level 
m b.s.l. meters below surface level 
MR Moonie River 
MST mudstone 
OGIA Office of Groundwater Impact Assessment 
QGD Queensland Government Data 
QLD DNRM Queensland Department of Natural Resources and Mines 
RN Registration Number 
SPC specific conductivity 
SST sandstone 
SW surface water 
UQ University of Queensland 
UQ-SDAAP UQ Surat Deep Aquifer Appraisal Project 
USGS United States Geological Survey 
WC Wyaga Creek 
WCR well completion report 
WR Weir River 
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Preface 
Geoscience is the study of the Earth - diverse and incredibly interesting - that involves complex 
systems that work in and on the Earth. Our planet is influenced by global connections, because 
nature is not limited by national borders. In order to incorporate this global aspect into this 
thesis and to overcome borders, I was looking for a research topic abroad.  
My self-initiated search finally led me to the University of Queensland in Australia, where I 
became aware of an exciting research topic in the field of hydrogeology with aspects of climate 
change. The topic is supervised by Dr. Harald Hofmann, a lecturer at the school of Earth and 
Environmental Sciences and head of the hydrogeology laboratory, and Prof. Jim Underschultz, 
deputy director of the Centre for Coal Seam Gas. Through cooperation with the Geothermal 
Energy Department at KIT I was able to write my master thesis in cooperation with the UQ. 
By writing this master thesis abroad, I was not only able to broaden my personal horizon, but 
also get to know a new world of work and research. During my stay as a visiting research 
student in Brisbane I learned to develop scientific approaches and especially to deal with a 
scarce data density. I am very happy that I got this chance to write my master thesis in Australia. 
Not only did I learn a lot on a scientific level, but I also gained a lot of personal experience.  
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1. Background 
Anthropogenic CO2 emissions have been widely accepted as playing an important role in climate 
change abatement. Research has been undertaken on a range of technologies to mitigate the 
emissions of greenhouse gas and one possible solution is the injection of captured CO2 into 
suitable underground geological storage facilities, known as carbon capture and storage (CCS). 
Suitable reservoirs for CO2 in the subsurface involve depleted oil and gas fields, coal seams and 
deep aquifers [Bachu and Adams, 2003; Gunter et al., 2004; Benson and Cole, 2008]. Especially 
deep aquifers are suitable for long-term storage due to their large storage volume and injectivity 
performance, as well as their variety of trapping mechanisms, from the initial residual trapping, 
to dissolution into the groundwater and finally to mineralization [Bachu and Adams, 2003]. The 
CCS process starts with the capturing of CO2 from a point source (e.g. power plant). Next the gas 
is separated and converted to a supercritical CO2 in order to inject it into a suitable geological 
formation. Appropriate reservoirs usually need to be deeper than 800 m to achieve a high CO2 
density and a cap rock is needed to prevent the gas from vertical migration. 
In July 2008 the Queensland Government commenced the Carbon Geostorage Initiative (CGI), 
which investigated sedimentary basins for geostorage potential in Queensland, including the 
Surat Basin [Hodgkinson and Grigorescu, 2013]. A target horizon with the highest identified 
carbon storage capacity was the Precipice Sandstone aquifer located in the Southern Surat Basin 
due to its relatively high transmissivity and depth. The notional CO2 injection site is located close 
to a fault system, which may have the capacity to be hydraulic conduits connecting shallow and 
deep geological environments [Bense et al., 2013]. 
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2. Project Aims & Objectives 
In order to assess the Southern Surat Basin west of the Moonie Oil Field as a potential target 
area of CO2-injection it is necessary to develop an improved understanding of the target aquifer - 
the Precipice Sandstone and its main leakage risk features. Additional to the generally 
undocumented hydrogeochemical conditions of the Precipice Sandstone aquifer in this region, 
the role of the Moonie fault system, which separated the notional CO2 injection site from the 
Moonie Oil field, as a potential hydraulic conduit or barrier has to be investigated.  
Different conceptual hydrogeological scenarios of fluid or gas leakage either along the fault or 
through the overlying stratigraphic units are assessed with different methodologies. 
Special focus is going to be put on the examination of the interactions between the Precipice 
Sandstone aquifer and the surficial water system along the Moonie Fault system to prevent 
escape of CO2 to the atmosphere. In the context of this study, surface water data were collected 
and geochemical tracers are used to investigate up-fault discharge potential.  
To achieve a better understanding of the evolution of the Precipice Sandstone groundwater 
stable water isotope analysis, as well as groundwater data from the Northern Surat Basin near 
the recharge areas are investigated. In addition, a geochemical modelling approach is used to 
map hydrogeochemical processes to improve the understanding of the evolution of the aquifer 
water. 
Finally, this study aims to identify knowledge and data gaps in order to execute target-oriented 
future work to further assess the plausibility of the conceptual models and reduce uncertainty. A 
detailed understanding of the hydrogeochemical processes and the inter-aquifer connection in 
the Southern Surat Basin is required to achieve the prime goal of CO2 sequestration in this 
region. 
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3. Geological & Hydrological Setting 
The research area is located in the Southern Surat Basin in southeast Queensland, Australia. The 
area is part of the Great Artesian Basin, which consist of several interconnected epeiric basins 
[Jell, 2013]. One of those basins is the Surat Basin (Figure 1), which is approximately 
327’000 km2 in size [Wang et al., 2019]. The study focuses on the Jurassic aquifers in the Moonie 
region, mainly the Precipice Sandstone aquifer in the area of the Moonie Oil Field, which is 
located approximately 14 km south-west of the town Moonie, Queensland. The Moonie Oil Field 
is situated on the east side of the Moonie Fault. 
 
Figure 1: Location of the Surat Basin in Queensland. Adjacent are the Eromanga Basin to the west 
and Clarence-Moreton Basin to the east. Underlying is the Permian Bowen Basin. The Great 
Artesian Basin is highlighted with a grey hatching. The Study Area is located in the Southern Surat 
Basin in Queensland along the Moonie Fault.  
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Figure 2: Structural Features in the Surat Basin in Queensland. The principal tectonic element is 
the Mimosa Syncline, which trends north-south and approximately coincides with the greatest 
thickness of Permian – Triassic rocks in the Taroom Trough of the Bowen Basin. The basement-
involved fault systems in the Surat Basin are the Hutton-Wallumbilla-Fault, Burunga-Leichhardt 
Fault and Moonie Fault. The Surat Basin is restricted to the east by the Great Dividing Range, as 
well as the Kumbarilla Ridge to the east and the Nebine Ridge to the west. Topography is 
illustrated with a digital elevation model (GEODATA 9 second [AGD, 2019]). 
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3.1 Geology 
3.1.1 Overview 
The Jurassic-Cretaceous Surat Basin extends across southeast Queensland into northern New 
South Wales, forming sedimentary cover deposits that unconformably overlie the Permian-
Triassic Bowen Basin and basement to the east and the west of these basins [Hoffmann et al., 
2009]. The succession consists of up to 2500 m of relatively flat-lying rocks. The depositional 
history of the Surat Basin started with a deposition of sediments in a predominantly 
fluviolacustrine environments during the latest Triassic. Those sediments covered folded and 
block-faulted Triassic and older rocks of the Bowen Basin. This first sedimentation phase was 
followed by a hiatus in the earliest Jurassic and a subsequent extensive period of cyclic non-
marine, fluvial to lacustrine and paludal sedimentation. The basin expanded south and west, but 
expansion was interrupted by uplift and erosion about middle Jurassic period. Sedimentation 
continued into the Cretaceous and depositional conditions changed to coastal plain and shallow 
marine environments [Exon, 1976; Hoffmann et al., 2009]. During the Cretaceous period the 
basin contracted southward and westward [Jell, 2013; Power and Devine, 1970].  
To the west the Surat Basin sediments thin over the Nebine Ridge and extend into the Eromanga 
Basin. To the east they extend across the Kumbarilla Ridge and intertoungue with sediments of 
the Clarence-Moreton Basin (Figure 2). To the south, the Lachlan Fold Bend limits the extent of 
the Surat Basin [Cadman et al., 1998]. The Surat Basin evolved over a period from ca. 200 Ma to 
ca. 100 Ma. Deposition started in the east of the basin and transgressed westward to the central 
and northern parts [Power and Devine, 1970]. 
The subsidence history of the Surat Basin and the underlying Bowen Basin includes several 
mechanisms like volcanism, mechanical extension, thermal cooling, thrust-related flexuring of 
the lithosphere during foreland loading, and dynamic platform tilting [Korsch and Totterdell, 
2009]. Several theories of causes for subsidence in the Surat Basin are debated in literature. One 
theory suggests that intracratonic sag was due to lithospheric thermal decay [Gallagher, 1990]. 
Whereas Raza et al. [2009] suggest a peri-cratonic setting in a retro-arc position where a 
westward dipping convergent plate margin and subduction zone resulted in dynamic tilting due 
to viscous corner mantle flow. Korsch and Totterdell [1996] propose a subsidence predominantly 
related to thermal cooling of the lithosphere during a post-magmatic thermal relaxation phase. 
The subsidence rate was linear with a slightly decreased rate during late Jurassic to earliest 
Cretaceous [Gallagher, 1990].  
Exon [1976] proposed the first stratigraphic model for the Surat Basin, which has been revised 
in various studies [Hoffmann et al., 2009; Jones and Patrick, 1981; Scott et al., 2004; Swarbrick, 
1973; Yago, 1996]; all describing six major fining upward cycles of Mesozoic sedimentation 
consisting of fluvial channelized and overbank deposits including widespread coal formation, 
through to fine grained lacustrine sediments. Sedimentation lasted through the mid-Cretaceous 
at which point renewed contraction and basin inversion resulted in upwards of 2 km erosion 
[Korsch et al., 2009; Underschultz et al., 2016].  
This study focuses on the three oldest stratigraphic units in the Surat Basin; the Precipice 
Sandstone, followed by the Evergreen Formation and the Hutton Sandstone.  
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3.1.2 Jurassic stratigraphic units 
Precipice Sandstone 
The Precipice Sandstone is a Lower Jurassic, diachronous unit, which unconformably overlies 
Triassic to Devonian and basement rocks of the Bowen Basin and is conformably overlain by the 
Evergreen Formation [Martin et al., 2018]. Older literature like Exon [1976] recognized a two-
fold subdivision of the Precipice Sandstone: a coarse, porous lower part and a finer-grained, 
thinner upper part. Whereas other studies Green et al. [1997] assigned the upper part of the 
Precipice Sandstone to the overlying stratigraphic unit, which is the Evergreen Formation. Other 
authors like Rigby and Kantsler [1987] or Cadman et al. [1998] describe a separation of the two 
Precipice Sandstone units through thin (10 m) lacustrine shale, which separates the braided to 
meandering Lower Precipice Sandstone from the meandering Upper Precipice Sandstone. This 
shale is also a production barrier in the Moonie Oil field. The gradational depositional 
environment between those two units as well as the non-uniform nomenclature causes 
confusion in working with data from those Jurassic units. In this study the UQ-SDAAP project 
stratigraphic definitions are used; here a subdivision of the Precipice Sandstone into a lower 
Blocky Sandstone (oil reservoir) and a Transitional Zone (Figure 3) was used. The upper part of 
the Precipice Sandstone together with the lower part of the Evergreen Formation forms the 
Transitional Zone. Just the upper part of the Evergreen Formation is recognized as a seal 
formation for carbon storage purposes. Different authors used varying assignments of the 
nomenclature of the lower Jurassic units, which is shown in Figure 3.  
 
Figure 3: Comparison of stratigraphic nomenclature after Martin et al. [2018]. The different 
assignments are posted against wireline logs from Union Oil Development Corporation’s 1964 
Gurulmundi-1 well as presented by Green et al. [1997]. The nomenclature used in this study is 
shown on the left side, consistent with the UQ-SDAAP report. This figure illustrates the 
inconsistency in placement of the Precipice–Evergreen boundary. 
The Precipice Sandstone (Blocky Sandstone) is historically interpreted as a thick 
lithostratigraphic unit with continuous lateral extent reaching its maximum thickness of about 
150 m along the north-south trending Mimosa Syncline where the maximum depth is about 
2200 m b.s.l. [UQ-SDAAP, 2019]. Cadman et al. [1998] and OGIA [2016] explained that the 
maximum thickness of the Precipice Sandstone at the Mimosa Syncline thin to the west over the 
Roma Shelf to a thickness of less than 40 m. Exon [1976] described a sandstone unit with some 
siltstones and mudstones and rarely some thin coal layers. Most studies suggest a high energy 
braided channel system, transitioning upwards into a lower-energy meandering alluvial and 
lacustrine setting as the depositional environment of the Precipice Sandstone [Cook et al., 2013; 
Cosgrove and Mogg, 1985; Dickins and Malone, 1973; Evans, 1962; Exon, 1976; Gray, 1968; 
Hoffmann et al., 2009; Martin, 1981; Mollan et al., 1972; Totterdell et al., 1992]. Hoffmann et al. 
[2009] and Exon [1976] also propose a non-marine sequence migrating across the erosional 
surfaces of the underlying Bowen Basin. While most of the older literature assumes a purely 
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non-marine depositional history, on the other hand Martin et al. [2018] suggest the existence of 
more marine-influences in sedimentation. According to this study the Precipice Sandstone is 
mainly deposited in a braided channel system being increasingly overwhelmed by marine-
influenced sediments, perhaps with the establishment of braid- or fan-deltas. Especially the fine-
grained, heterolithic Upper Precipice Sandstone shows partly evidence for a tidal/coastal 
interpretation. However, this unit can also be assigned to the UQ-SDAAP defined Transitional 
Zone. La Croix et al. [2018] describe an alluvial plain or braid plain as the main environment 
during Lower Precipice Sandstone deposition. Periods of progradation and aggradation on the 
lower delta plain and subaqueous delta characterize the upper Precipice Sandstone. Finally, as 
base level continued to rise during deposition of the lower Evergreen Formation, large parts of 
the northern Surat Basin were transgressed and restricted estuarine conditions prevailed. 
The most common paleo flow direction of the fluvial systems depositing the Precipice Sandstone 
in the Surat Basin is west and northwest with some local deviations towards north-northeast 
[Martin et al., 2018]. The source of the sediment is uncertain. Martin [1981] suggest a 
Precambrian source bordering the western and southwestern sides of the Great Artesian Basin. 
A study performed by Wiltshire [1989] could not find evidence for this sediment source on the 
western shelf of the Surat Basin. 
A detailed mineralogical description of the Precipice Sandstone in the Surat Basin was made by 
Grigorescu [2011b]. The sandstone is coarse-grained, moderately to poorly sorted, massive or 
interbedded with siltstones or mudstones, with occasional dark laminae and rip-up clasts. The 
main component is Quartz (40 - 98 %) and the dominant clay mineral is kaolinite (2 - 47 %). 
Minor components are feldspar (< 5 %). In the lower part of the Precipice Sandstone the 
feldspar is dominated by plagioclase, while the upper part shows higher amounts of potassium 
feldspar. Other minor and rare minerals such as mica, chlorite, mixed-layer clays, siderite, calcite 
and hematite were also determined. 
The lithostratigraphy of the Moonie Oil field consists basically of two main units. The deeper unit 
is the 58 sand which consists of the deeper 58-L unit (including 58-D, 58-E and 58-F), overlaying 
by the 58-U unit (including 58-B and 58-C). This unit is known as the Blocky sandstone in the 
UQ-SDAAP project. The second main unit is the 56 sand. This unit already belongs to the 
transitional zone and comprises the units 56-4L and 56-4U (Figure 4). 
The Blocky Sandstone Aquifer has been shown to be regionally hydraulically well connected and 
is known as a mainly very fresh groundwater system with multiple Darcy permeabilities. It 
consists of mature sandstone with very high silica content. Overlaying the 58 sand there is 
typically a mud break and siltstone with clay content and mud. The 56 sand is observed to be a 
hydraulically isolated unit with limited lateral extend. There are potential low permeability 
zones between the 56 sand and the 58 sand below. This is evidenced by the hydrocarbon 
production at Moonie and the pre-production pressure gradients in the 56 sand compared to the 
58 sand below. The 56 sand is less mature and contains clay and feldspar [UQ-SDAAP, 2019]. 
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Figure 4: Detailed nomenclature of the Precipice Sandstone in the Moonie Oil Field, based on 
gamma log data of Moonie 1 well. The Precipice Sandstone is subdivided into a 58 sand and a 56 
sand with further subdivisions.  
Evergreen Formation 
The Evergreen Formation is conformably overlying the Precipice Sandstone. The contact 
between those two units is gradational and difficult to determine [Cadman et al., 1998]. In this 
study the Evergreen Formation is assigned as part of the Transitional Zone and part of the 
overlying seal (Figure 3). The Precipice Sandstone and Evergreen Formation seem to be related 
and are part of the same transgressive cycle [Hoffmann et al., 2009; Ransley and Smerdon, 2012]. 
The depositional setting of the Evergreen Formation is contentious. Grigorescu [2011b] assume 
a change from a braided fluvial system to a meandering system of deposition. Other researchers 
[Exon, 1976; Cook et al., 2013; Martin et al., 2018] also propose meandering streams with deltas 
in a possible coastal plain setting and lacustrine or paludal influence. Mollan et al. [1972] and 
Fielding [1989] on the contrary suggest a lake rather than a marine setting and/or prograding 
lacustrine delta system. Evans [1962], Totterdell et al. [1992] or Cranefield et al. [1994] 
concluded a lacustrine or possibly estuarine environment in a broad marshy floodplain with 
some marine influence. The presence of aeolian strata can be excluded based on the abundance 
of micaceous material and the poor to moderate sorting as well as medium to coarse grain-sizes 
[UQ-SDAAP, 2019]. 
The Evergreen Formation has a maximal thickness of 240 m and can be petrologically 
summarized as a grey, fine to medium-grained occasionally coarse sandstone with thin 
interbeds of siltstone or mudstones with dark laminae and plants [Green et al., 1997]. The 
formation changes with depositional age from the basal part to the upper part. The basal part 
comprises fine to medium grained sandstones, while the middle part tends to be a more 
fine/medium to coarse grained, cross-bedded quartzose sandstone and the upper part includes 
mudstones and laminated sandstones. This indicates a shift towards a marine-influences delta 
depositional setting with a possible connection to the sea [Grigorescu, 2011b]. The main 
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components are quartz (25 - 97 %) and kaolinite (2 - 35 %). Feldspar (< 8 %) is better preserved 
in greater depths, where the dominant species is plagioclase, while potassium feldspar is 
predominate in shallower depth. Occasionally mixed-layer clays are more abundant than 
kaolinite (up to 25 %). Mica can reach up to 15 % and minor components are chlorite (about 
2 %), siderite and calcite veins, and hematite-rich weathered layers [Grigorescu, 2011b]. 
 
Hutton Sandstone 
The Hutton Sandstone is part of the second sedimentary cycle of the Surat Basin. The thickness 
of this unit ranges from 150 -250 m [Cadman et al., 1998]. Its depositional environment is 
mainly described as a less energetic braided stream system with locally coal swamps 
[Grigorescu, 2011b; Exon, 1976]. Just occasionally authors suggest a meandering stream system 
due to a sudden drop in base level [Elliott, 1989]. Exon [1976] concluded that the Hutton 
Sandstone and the Evergreen Formation have a conformable relationship, whereas Elliott [1989] 
observed major erosion of the Hutton Sandstone into the Upper Evergreen Formation at some 
locations.  
The Hutton Sandstone is described as a white to grey, fine to medium-grained, sublabile to 
quartzose sandstone with dark grey micaceous or carbonaceous siltstone interbeds. The 
stratigraphic unit is relatively thick and has a high heterogeneity. Main components are as well 
quartz (25 - 94 %) and kaolinite (2 - 37 %). The feldspar variability is high but plagioclase is 
always the dominant species. In some areas the mixed-layer clays content is greater than 
kaolinite (2 - 37 %). Mica can have a highly variable concentration and can reach up to 27 %. 
Minor components are Chlorite (up to 5 %), siderite and calcite veins. Hematite-rich weathered 
layers often occur in association with sideritic bands [Grigorescu, 2011b]. 
 
3.1.3 Structural Setting 
The Surat Basin is an intracratonic sag basin [Hodgkinson and Grigorescu, 2013; Green, 1997; 
Hoffmann et al., 2009]. The principal tectonic element is the Mimosa Syncline, which trends 
north-south and approximately coincides with the greatest thickness of Permian – Triassic rocks 
in the Taroom Trough of the Bowen Basin (Figure 2).  
The east and west margins of the Surat Basin experienced multiple episodes of deformation 
resulting from reactivation and inversion along pre-existing basement-involved faults, such as 
the Permian–Triassic Moonie-Goondiwindi, Burunga-Leichhardt (east of the Taroom Trough) 
and Hutton-Wallumbilla (west of the Taroom Trough) fault systems [Korsch et al., 2009; Cadman 
et al., 1998] (Figure 2). This produced a number of small low amplitude anticlinal structures 
along the eastern margin of the basin. The Moonie Oil Field is situated on the intersection of two 
major, basement-involved, basin bounding fault systems. The Moonie Fault system comprises a 
meridional, high-angle reverse down-to-the-west fault. The fault system runs north from the 
New South Wales border near the town of Goondiwindi towards the town of Moonie. Passing 
Moonie the fault system slightly rotates towards the north-east. The fault propagates at least as 
far up as the Walloon Coal Measures and probably to the shallow subsurface [Copley et al., 2017].  
The Moonie fault system intersects at several points the overlying drainage features, which are 
the Moonie and Weir River and their tributaries. In the northern part the fault system directly 
underlies the Moonie River for approximately 45 km (Figure 14).   
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3.2 Hydrogeology & Hydrology 
3.2.1 Hydrostratigraphy & Hydraulics 
 
Figure 5: Hydrostratigraphy based on OGIA [2016] and Ransley and Smerdon [2012]. The first 
column displays the major and minor aquifers and aquitards of the Surat Basin. The second 
column shows the eight stratigraphic groups used in this study and the third column describe the 
groundwater quality of these groups.  
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The Great Artesian Basin has been characterized as a sequence of alternating layers of 
predominantly continental permeable sandstone aquifers, confined by both fluvial and marine, 
lower-permeability siltstone and mudstone aquitards, generally dipping to the southwest [OGIA, 
2016; Ransley and Smerdon, 2012]. The Alluvium, which consists of younger quaternary 
unconsolidated alluvial sediments and volcanic deposits, sits on top of the Jurassic-Cretaceous 
basin. The hydrostratigraphy of the Surat Basin is shown in Figure 5 [Ransley and Smerdon, 
2012; OGIA, 2016]. The units are divided into major and minor aquifers, as well as leaky and 
tight aquitard and productive coal seams. For this study the units are grouped into eight 
different stratigraphic groups, sorted chronologically: Older Rocks & Basement; Precipice 
Sandstone; Evergreen Formation; Hutton Sandstone; Walloon Coal Measures; Kumbarilla Beds; 
Rolling Downs Group and Volcanics & Alluvium. 
The major aquifers mentioned in OGIA [2016] are typically laterally continuous. They have 
significant water storage and permeability and especially the shallower aquifers are extensively 
used for groundwater extraction.  
Recharge of the aquifers in the Surat Basin occur generally to the outcrop areas in the north 
(northwest-northeast) and in the east along the Great Dividing Range, predominantly by rainfall 
(Figure 6 [OGIA, 2016; Lau et al., 1987]). Recharge water flows primarily along bedding planes 
and fractures from the recharge areas towards the south, southwest and west. Groundwater 
moves very slowly at average rates from 1 to 5 m/a. The flow is predominantly sub-horizontal in 
the aquifers and the natural discharge occurs via springs and watercourses. Aquifers that are 
relatively shallow and contain good-quality water are more heavily used for water supplies 
[OGIA, 2016].  
 
Figure 6: Conceptual model of groundwater system in the Surat Basin from OGIA [2016]. The 
Moonie Region is located at the corner of this 3D-illustration.The Precipice Sandstone (N° 21 in 
blue) recharge areas are located to the north, north-east and east. 
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Recent research [OGIA, 2016; Raiber and Suckow, 2017] noticed significant lateral and vertical 
permeability variations within the aquifers and aquitards, as well locally varying flow directions. 
Figure 8 illustrates the flow nets of the three Jurassic stratigraphic units. The regional 
groundwater flow in the Precipice Sandstone differs from that in the overlying Evergreen 
Formation and Hutton Sandstone. Interbasin flow in the Precipice Sandstone is to the Clarence–
Moreton Basin in the east, whereas interbasin flow in the Hutton Sandstone and Evergreen 
Formation is from the Clarence–Moreton Basin to the Surat Basin. Local flow cells are likely to 
dominate the Evergreen Formation because of the extensive heterogeneity and regional flow 
interpretations remain subjective for this reason [Hodgkinson and Grigorescu, 2013].  
The hydraulic head contours of the Precipice Sandstone in the study area are displayed in detail 
in Figure 7. Relatively low values of hydraulic head within the Precipice Sandstone aquifer occur 
adjacent to the segments of the Moonie Fault System suggesting the possibility of hydraulic 
communication and discharge up the fault to low surface topography (less than 250 m a.s.l.). At a 
number of points along the surficial river systems, the fault system intersects the drainage 
features, as well as the 250 m pressure head contour estimation and the 250 m surface elevation 
contour. In those areas of potential discharge surface water samples are going to be taken to 
investigate the role of the Moonie Fault as a hydraulic conduit or barrier between water from 
the Precipice Sandstone and the surficial water systems. 
 
Figure 7: The pressure head distribution of the Precipice Sandstone in the Moonie Area varies 
between 200-350 m. The hydraulic head contours are illustrated in light blue [UQ-SDAAP, 2019]. 
The blue areas in the maps indicate a surface elevation lower than 250 m a.s.l. and the red areas 
are higher than 250 m a.s.l. (GEODATA 9 second [AGD, 2019]). Potential discharge points of the 
Precipice Sandstone groundwater towards the surface are at location where the hydraulic head is 
equal or higher than the surface elevation. 
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Figure 8: Flownets and hydraulic head distribution of the Jurassic stratigraphy after Hodgkinson 
and Grigorescu [2013]. The regional groundwater flow regime in the Precipice Sandstone differs 
from that in the overlying Evergreen Formation and Hutton Sandstone. 
Precipice Sandstone Aquifer 
The water in the Precipice Sandstone aquifer has the lowest salinity of the Jurassic aquifers in 
the Surat Basin and has a Na-HCO3 character [Grigorescu, 2011a]. The aquifer is isolated from 
the overlying Hutton Sandstone by the shale-rich Evergreen Formation aquitard [Hodgkinson et 
al., 2010]. The majority of the hydrochemistry data of the Precipice Sandstone aquifer belong to 
wells in the Northern Surat Basin, close to the recharge area. Ransley et al. [2015]r eported some 
regional variability in water quality in the Precipice Sandstone aquifer from fresh (northern 
Surat Basin) to brackish (in southern and eastern parts of the Surat Basin) with TDS ranging 
from 100 to 6000 mg/L. Especially the chloride content is very variable [Grigorescu, 2011a]. 
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Due to the relatively coarse-grained sandstone the hydraulic conductivity and permeability of 
the Precipice Sandstone are higher than any other Surat Basin formation [OGIA, 2016]. The 
average horizontal permeability ranges from 320 +/- 905 mD ([Ransley and Smerdon, 2012], 
Figure 9). This results in a horizontal hydraulic conductivity of 0.02 – 2.98 m/d [Ransley and 
Smerdon, 2012]. It has to be noticed that the highest permeabilities of the Precipice Sandstone 
are found in the north and northeast of the Surat Basin. In the southeast of the Surat Basin the 
mean permeability is greatly diminished [Ransley and Smerdon, 2012]. This assumption is 
supported by data from the Moonie Oil Field. The 58 sand has a mean horizontal permeability of 
140 mD and 27 mD for the 56 sand. Reasons for the higher permeabilities in the north of the 
Surat Basin are due to more mature sediment source as well as lower accumulation rates. The 
lower permeabilites in the Moonie Region can be attributed to greater accommodation and less 
sorting of sediment during deposition. Petrophysical analysis of OGIA [2016] and Ransley and 
Smerdon [2012] showed an average effective porosity of 16 % (+/- 5 %). 
OGIA [2016] investigated the recharges rates of the aquifers in the Great Artesian Basin. 
Depending on the calculation method the average recharge rate of the Precipice Sandstone is 
between 26.5 and 43.0 mm/a. An interpolated long term average recharge rate is determined to 
be 20.8 mm/a. Suckow et al. [2018] on the other hand postulated a vertical distance velocity of 
less than 1.5 m/a and a recharge rate of 110 to 315 mm/a based on a multi-tracer study. 
Generally, Suckow et al. [2018] assume a much higher flow velocity and recharge in the Precipice 
Sandstone aquifer than in the Hutton Sandstone aquifer. 
 
Evergreen Formation Aquitard 
The Evergreen Formation is considered to be a leaky aquitard and separates the two regional 
aquifers Hutton Sandstone and Precipice Sandstone. Its average thickness is 125 m with a 
maximal thickness of 400 m [Hodgkinson et al., 2010; OGIA, 2016]. The hydraulic properties of 
the Evergreen Formation are investigated by OGIA [2016] and Ransley and Smerdon [2012]. 
Core-, DST- and petrophysical data indicate a median horizontal permeability range from 0.25 -
810 mD [OGIA, 2016] (87mD [Ransley and Smerdon, 2012], Figure 9). This results in a horizontal 
hydraulic conductivity between 0.0003 – 1 m/d. The median effective porosity from 
petrophysics is 5 % which is the lowest out of all the Surat units [OGIA, 2016]. Ransley and 
Smerdon [2012] postulated a mean porosity of 15 %. 
The hydrochemistry of the Evergreen Formation is similar to the Precipice Sandstone aquifer 
[OGIA, 2016; Grigorescu, 2011a]. The Evergreen Formation water has a Na-HCO3 character, with 
more Na+ than the Precipice Sandstone water. In general, TDS ranges from 80 to 670 mg/L, with 
a mean TDS of around 260 mg/L [OGIA, 2016].  
As all other stratigraphic units in the Surat Basin the recharge area of the Evergreen Formation 
is close to the outcrop in the Northern Surat Basin. The estimated long-term recharge rate is 
7.3 mm/a [OGIA, 2016], which can be falsified by a high amount of wells also screened in the 
Boxvale Sandstone Member within the Evergreen Formation.  
 
Hutton Sandstone Aquifer 
The most extensive Jurassic aquifer in the Surat Basin is the Hutton Sandstone. Typical 
thicknesses range from 150 to 200 m, reaching up to 350 m along the axis of the Mimosa 
Syncline [Hodgkinson et al., 2010; OGIA, 2016]. Historically the Hutton Sandstone was assumed 
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to be a single high productive aquifer but more recent studies suggest more significant 
heterogeneity, particularly towards the eastern margins of the Surat Basin [Cadman et al., 1998; 
OGIA, 2016]. The heterogeneity is thought to be due to a complex depositional history with 
extensive flooding and changes between braided and meandering river systems. Because of 
these heterogeneities the hydraulic properties of the aquifer varies locally. The average 
horizontal permeability ranges from 0.0001 to 544 mD ([Ransley and Smerdon, 2012], Figure 9). 
Analogous to the Precipice Sandstone, the permeability near the depot centre, i.e. near the 
Mimosa Syncline, is generally much lower than near the outcrops in the northern Surat Basin. 
Ransley and Smerdon [2012] postulated a mean horizontal hydraulic conductivity of 0.36 -0.52 
m/d. The mean effective porosity within the Hutton Sandstone varies between 12 – 17 % 
[Ransley and Smerdon, 2012]. 
The groundwater of the Hutton Sandstone is typically fresh to slightly brackish with a high 
variance in salinity [Grigorescu, 2011a]. The TDS ranges form 70-16000 mg/L with a mean TDS 
around 1600mg/L. Although this is higher than the Precipice Sandstone, it is still fresher in 
comparison to most of the overlying Jurassic-Cretaceous aquifers. OGIA [2016] mention a change 
in hydrochemistry along the flow path. In the recharge areas it is a low-salinity Ca-Mg-HCO3-
water, changing to relatively high-salinity Na-Cl-water in discharge areas. 
The estimated average long-term recharge in the Hutton Sandstone is 4.8 mm/a [OGIA, 2016]. 
More recent studies [Suckow et al., 2018] assume a lower recharge rate than previously 
assumed. Suckow et al. [2018] investigated the recharge rates and the vertical distance velocity 
through isotope data. It is assumed that the recharge rate is less than 80 mm/a to 140 mm/a and 
the vertical distance velocity is smaller than 0.5 m/y. 
 
Figure 9: Spatial distribution of mean horizontal permeability and locations of data points from 
Ransley and Smerdon [2012]. Study Area is highlighted with a red square. Coloured areas 
correspond to formation extents and the reliability of contours away from data points is low. 
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3.2.2 Surface Water 
Within this study, three different streams have been investigated in the research area (Moonie 
River, Weir River and Wyaga Creek). These three rivers are all tributaries to the Barwon River 
which flows into the Murray-Darling Basin. The Moonie River is a mainly ephemeral river, 
which rises south-west of Dalby and south-east of Tara [QGD, 2018]. The river flows generally to 
the south-west and is joined by thirteen minor tributaries before reaching its confluence with 
the Barwon River. The Moonie River seems to slightly follow the Moonie Fault until crossing the 
highway north of the Town of Moonie (Figure 14). Data from Water Monitoring Information 
Portal of the Department of Natural Resources and Mines include streamflow data [QGD, 2018]. 
The nearest gauging station at the Moonie River to the study area is Flinton, which is located 
approximately 90 km west-south-west of Moonie. A mean annual flow volume of 10673 ML is 
recorded. 
The QLD DNRM also provides time weighted stream discharge duration curves or also called 
flow duration curves (FDC). Those curves show the percentage of time that a stream discharge is 
likely to be equivalent to or greater than a specific value [Mohammed and Scholz, 2018]. The 
discharge in ML/d is plotted on the y-axis, while the percentage of time is plotted on the x-axis. 
The median flow (Q50) is the discharge which is achieved at 50 % of the time (to be read in the 
diagram at X=50). Flow duration curves contain information on the baseflow contribution to a 
stream and therefore on the hydrogeological characteristics of the river catchment [Brodie et al., 
2007]. The ratio Q90/Q50 denotes a percentage of the contribution of subsurface water to the 
river, or the corresponding proportion of the baseflow component [Al-Faraj and Scholz, 2014; 
Stewart, 2015; Mohammed and Scholz, 2018]. 
The graph from the Flinton gauging stations (Figure 10) indicates that the contribution from 
natural storages like groundwater to the Moonie River at this location is very low, because the 
curve already reaches near zero values before the 50 % point. Consequently the ratio Q90/Q50 is 
equal to zero, indicating no contribution of groundwater to the stream. The Moonie River at this 
location flows less than 40% of its time. 
 
Figure 10: Flow duration curve or the Moonie River at Flinton gauging station from the Water 
Monitoring Information Portal [QGD, 2018]. The x-axis represents the percentage of time the 
stream provides a certain discharge. The y-axis represents the stream discharge in ML/d.  
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Between the towns of Moonie and Goondiwindi the Weir River flows south-westwards towards 
the Barwon River catchment. It is a main tributary to the Moonie River and both rivers join in 
Northern New South Wales. The headwaters of the Weir River rise on the western slopes of the 
Great Dividing Range in the State Forests west of Moonie. A Weir River gauging station (Gunn 
Bridge) is located 55 km south-south-west of Moonie. There an annual mean flow volume of 
6521 ML is recorded [QGD, 2018]. The flow duration curve of the Gunn Bridge gauging station 
also indicates a lack of baseflow contribution to the stream (Figure 11). The curve also shows 
that the stream is flowing less than 45% of the time. 
 
Figure 11: Flow duration curve or the Weir River at Gunn Bridge gauging station from the Water 
Monitoring Information Portal [QGD, 2018]. The x-axis represents the percentage of time the 
stream provides a certain discharge. The y-axis represents the stream discharge in ML/d.  
A small ephemeral tributary of the Weir River is the Wyaga Creek. It joins the Weir River north 
of Goondiwindi. There are no gauging stations located at this tributary. 
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3.3 Hydrocarbon System 
During the deposition of the sediments in the Bowen and Surat Basins, there were several 
periods where coals, lacustrine and marine sediments accumulated. Due to their organic 
content, these sediments have high hydrocarbon source rock potential.  
Underschultz et al. [2016] reconstructed the burial history of the Bowen and Surat Basin from 
published 1D burial history curves, as well as the heat flow, to determine the time that various 
organic rich source rocks passed through the oil and gas generation windows. Two major 
periods of subsidence (≈230 Ma and ~ 100 Ma) were determined. While the Permian and 
Triassic subsidence was most significant in the northern and central parts of the Taroom 
Trough, the Jurassic and Cretaceous period was more important in the southern and eastern 
part of the Taroom Trough. Subsequently, the Permian source rocks in the research area around 
the Moonie Oil Field only entered the hydrocarbon generation window during the second 
subsidence period. The Moonie Oil field is the first commercial hydrocarbon discovery in 
Australia and has been producing oil since the early 1960’s [Underschultz et al., 2016]. The work 
from Shaw et al. [2000] suggested that >90 % of the oil and ~65 % of the gas within the Bowen 
and Surat Basins were generated from the Permian Baralaba Coal Measures and Burunga 
Formation. Underschultz et al. [2016] noted that the Permian Bandanna Formation and older 
Banana & Flat Tops Formations as the main source rock zones for the hydrocarbons. The main 
sealing horizon is the Evergreen Formation. More than 90 % of the hydrocarbon generation 
occurred between the Cretaceous and the present day.  
In addition to the thermogenic source of hydrocarbons described above, hydrocarbons can also 
form biogenetically. While in the first process the hydrocarbons are produced through pressure 
and temperature during burial of organic rich source rocks, the second process generates 
hydrocarbons through bacterial processes on organic matter. The latter is mainly happening in 
the shallow subsurface where the temperature is less than 70°C, so bacteria are more viable. In 
the Surat Basin it is assumed that the gas content in the Walloon Coal Measures is mainly 
biogenic methane and ethane [Baublys et al., 2015; Owen et al., 2016b]. Jurassic source rocks on 
the contrary only generated oil and never produced thermogenic gas [Underschultz et al., 2015; 
Golding et al., 2013; Hamilton et al., 2014]. Cadman et al. [1998] also mentioned the thermally 
immature Jurassic sediments, which cannot be considered as a significant source of 
hydrocarbons. It is assumed that deeper sequences, like the Triassic sediments in the Taroom 
Trough have entered the oil window and therefore are the source rock of the hydrocarbons 
found in the Moonie Region. 
The oil in at the Moonie Oil field is reservoired in two separate units within the Precipice 
Sandstone – the 56- and 58-sands. Due to better reservoir qualities the 58-sand is the main 
reservoir at the Moonie Oil field. The sealing facies (Evergreen Formation) comprises 
carbonaceous shales and sandy siltstones and is up to 30 m thick [Cadman et al., 1998].  
The stratigraphic distribution of various hydrocarbon indicators suggests that most of the 
hydrocarbons occur stratigraphically below the Evergreen Formation (Figure 12). In places the 
hydrocarbon indicator data clearly shows trends of hydrocarbon leakage such as along the 
Moonie-Goondiwindi and Burunga-Leichhardt fault systems. There also might be some leakage 
into shallower stratigraphy without a conventional trapping mechanism.  
Source rock maturation studies indicate that some three orders of magnitude more 
hydrocarbons must have been generated than can be accounted for in the discovered 
conventional and CSG hydrocarbon reserves. There are several assumptions to describe this 
Geological & Hydrological Setting 
20 
discrepancy. It is possible that a large percentage of the generated hydrocarbons still remain in 
the source rocks, as well as that there are remaining undiscovered hydrocarbon reservoirs in the 
Bowen and Surat Basins. It is also possible that the aquifers contain dissolved hydrocarbons and 
hydrocarbons could have been lost to the surface over geological time via formation water 
migration and/or separate gas phase migration. Since the bulk of thermogenic hydrocarbon 
generation was from the Cretaceous period to the present, late stage tectonics related to tilting, 
fault reactivation and geologically recent changes to in-situ stress can be important 
considerations in relation to the fate of generated hydrocarbons [Underschultz et al., 2015]. 
Hydrocarbon composition and especially the ratio of C1 (methane) to the sum of C2-C4 (higher 
chain hydrocarbons, such as ethane, propane, butane) are used to distinguish between 
thermogenic and biogenic gases. This ratio is called Bernard Parameter. C1/C2-C4 ratios < 100 
are typical of thermogenic gases, i.e. they are hydrocarbon gases not produced via microbial 
processes [Golding et al., 2013; Bernard et al., 1976]. The stratigraphic units overlying the 
Precipice Sandstone predominantly show hydrocarbon compositions of biogenic gases, which 
means C1/(C2-C4) ratios typically > 100 [Hamilton et al., 2014; Baublys et al., 2015; Owen et al., 
2016b]. Therefore the Bernard Parameter is used as a potential indicator of gas migration along 
the Moonie fault to surface drainage systems. 
 
Figure 12: Schematic sketch of the subsurface near the Moonie Fault. Oil reserves are proven in the 
Precipice Sandstone as Moonie Oil Field. Minor reserves are also found in the Hutton Sandstone. 
Connectivity along the Moonie Fault has to be investigated.  
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4. Hydrogeological Conceptualization 
In order to address the issue of interaquifer-connectivity, different hypothetical scenarios were 
developed. These scenarios treat either the overlying aquitards or/and the Moonie fault as 
permeable. Due to the low pressure head in the Moonie Area (~250 m) similar to the surface 
elevation an upward leakage is assumed. 
Five different scenarios, that are not exclusive, are discussed and displayed in Figure 13:  
 S1 - perfect seal: 
There is no mixing of groundwater happening and no inter-aquifer-connectivity. The 
aquifers are completely separated by the aquitards and the Moonie Fault is sealed as 
well.  
 
 S2 – aquitard seal & fault leakage: 
This type of leakage ends up with a mixing of groundwater along the fault and possible 
leaking of fluid or gas to the shallower aquifer and surface. The aquifers are connected 
through the fault system and can exchange depending on their hydraulic heads.  
 
 S3 – aquitard leakage & fault seal: 
If the low-permeable layers above the Precipice Sandstone or other aquifers are not 
completely sealing there might be a mixing of groundwater. It is also possible to have an 
upward leaking of gas through the layers.  
 
 S4 – complete leakage:  
This scenario is a complete leakage both along the Moonie Fault system and through the 
aquitards. This suggests inter-aquifer-connectivity and a mixing of different 
groundwater depending on their hydraulic heads. 
 
 S5 – only gas migration: 
In this scenario there is no migration fluids, only gas can migrate either along the fault or 
through the aquitard. 
 
Those five scenarios are just a few of the possible scenarios happening along the Moonie Fault 
System. There can be further models of inter-aquifer-connectivities for example just between 
certain aquifers, depending on local conditions etc. but those have to be investigated in further 
studies.  
 
Depending on the scenario, different results can be expected in context with aquifers, aquitards, 
fault system and hydrocarbon system. The expected differences are shown Table 1. This table 
serves as basis to test the observations against expectations for each scenario. 
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Figure 13: Different conceptual scenarios of the fault and aquifer integrity in the Moonie Area. 
Those five scenarios treat the fault and/or the aquifer either as seal or as leakage. S1-S4 focus on 
fluid and/or gas migration, S5 assumes a purely gas migration.  
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Table 1: Different conceptual scenarios with assumptions how the individual topic and its 
properties behave depending on the scenario. 
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By assessing the available water analysis data as well as the sampling of new surface water data 
along the Moonie Fault System the likelihood of the scenarios is going to be evaluated. Different 
methodologies are used to deal with the scarce data density. Special focus is put on following 
two scenarios: 
 
 Groundwater discharge along the fault system to the overlying drainage feature 
/surficial system (S2) 
 Gas migration along the fault system to the overlying drainage feature (S5).  
 
Both conceptual hypotheses assume that the Moonie Fault system is acting as a conduit for 
either groundwater or gas to the surficial water system. To investigate the potential evidence of 
connectivity between the Precipice Sandstone aquifer and surficial drainage features along the 
Moonie Fault (S2 & S5) theoretical indicators are developed.  
The indicators for a hydraulic connection are a combination of: 
 Change in major ion concentration 
 Change in pH, SPC 
 High radon (222Rn) activities (>1000 Bq/m3) that indicate deep (non-hyporheic) 
groundwater contributions to the stream (see chapter 5.1.1.) 
 Dissolved hydrocarbon gases which indicate a thermogenic origin (indicator: Bernard 
Parameter > 100) 
An indicator for gas migration only (S5) is: 
 Dissolved hydrocarbon gases which indicate a thermogenic origin (indicator: Bernard 
Parameter > 100) 
 
 
As a general rule, if connectivity were occurring due to the fault acting as a discharge point-
source of groundwater and/or gases, sharp changes in the above-listed parameters at/near the 
points of discharge and subsequent downstream dilution can be expected. In order to address 
this, surface water sampling for the relevant stream were done both upstream and downstream 
of the potential fault-to-surface connectivity areas. 
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5. Methods, Sampling & Data Processing 
In context of this thesis groundwater samples as well as surface water samples were collected 
and existing hydrochemical data sets were analysed (Table 2). 
A total of 7 new groundwater and 20 new surface water samples were taken. Already existing 
data sets originate from the Groundwater Database (short: GWDB) provided by the Queensland 
Government Department of Natural Resources and Mines [GWDB, 2018] as well as from the well 
completion reports (short: WCR) of the Moonie Oil Field provided by the current operator 
Bridgeport Energy.  
 
Table 2: Overview of the data used in this study. Both, groundwater (GW) and surface water (SW) 
samples were analysed.  
Water 
type 
Aquifer or 
stream 
data 
source 
existing 
or new 
data 
number 
of 
datasets 
number of 
wells/streams 
Analysis of 
GW 
different 
aquifers 
GWDB existing 
see 
chapter 
5.2.1. 
see 
chapter  
5.2.1. 
major ions 
GW 
Precipice 
Sandstone 
aquifer 
WCR existing 11 8 major ions 
GW 
Precipice 
Sandstone 
aquifer 
Bridgeport 
sampling 
new 7 7 
major ions, trace 
metals, 
hydrocarbon 
gases, stable 
isotopes of water 
SW 
Moonie 
River, Weir 
River, 
Wyaga 
Creek 
sampling 
campaign 
new 20 3 
major ions, trace 
metals, 
hydrocarbon 
gases, stable 
isotopes of water 
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5.1 Sampling & Analysing 
5.1.1 Sampling Campaign 
As part of a three-day measurement campaign in September 2018, 20 surface water samples 
were taken in the study area - 11 of those are taken along the Moonie River, 5 along the Weir 
River and 4 along the Wyaga Creek, which is a tributary to Weir River (Figure 14). 
The water samples are taken out of waterholes of the ephemeral streams with a scoop tank 
attempting to take samples form the middle of the stream at river bed depth instead of sampling 
shallow water on the river edge. The scoop tank was rinsed at least 3 times before taking the 
samples. Several high density polyethylene bottles were filled avoiding head space (1x 15mL, 
1x 250mL, 2x 1L). Additionally, 2 glass vials (40 mL) were filled with filtered (0.45 µm) water for 
the analysis of the hydrocarbon gases (C1-C4). The lids of the containers were protected against 
leaks and gas emissions by insulating tape. Due to the high turbidity, filtration of the complete 
sample set in the field was not possible. The bottles were placed on ice until analysing.  
At all sites temperature, pH, DO (concentration and saturation), conductivity (µS/cm) and 
turbidity were measured using an YSI field meter (YSI Professional Plus Multiparameter 
Instrument (YSI Inc.)). 
 
Figure 14: Location of the surface water samples along the Moonie River (MR), Weir River (WR) 
and Wyaga Creek (WC/GC) within the study area. The Moonie Fault crosses the three streams. The 
coordinates of the sample location can be found in Appendix D.2. table A.  
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Additionally, Radon was measured in the surface water samples as an indicator for groundwater 
influx into the streams. 222Rn is a natural radionuclide that is commonly used as tracer to 
quantify groundwater discharge to streams, rivers, lakes, and coastal environments [Hofmann et 
al., 2011]. Radon is the first inert gas in the uranium and thorium decay chain. The gas can 
escape any chemical compound its parent (radium) is contained in and diffuse into water and 
air. 222Rn is produced from 226Ra with a half-life of 3.8 days [Cartwright et al., 2011]. Due to its 
short half-life the concentration in the atmosphere is very low. On the contrary, the 
concentration of Ra in minerals in the aquifer matrix is several orders of magnitude higher than 
the dissolved Ra concentrations in surface water [Cartwright et al., 2011; Ellins et al., 1990; Cecil 
and Green, 2000; Stellato et al., 2008; Mullinger et al., 2009], this also results in commonly two or 
three orders of magnitude higher 222Rn activity in groundwater than in surface water. It is 
therefore expected that high 222Rn activities (> 1000 Bq/m3) indicate deep (non-hyporheic) 
groundwater influx (e.g. deep groundwater discharging up a fault).  
To investigate the hydraulic role of the Moonie Fault, 222Rn activities are measured in the surface 
water measurement campaign using a RAD7 Radon Detector (Durridge Co.). RAD7 detects the 
alpha decay (in Bq/m3 of water) of radon daughters without interference from other radiation 
and discriminates between the different isotopes in different channels. The RAD7 uses a solid 
state alpha detector, which is a semiconductor material that converts alpha radiation directly to 
an electrical signal. It is characterized by its high robustness and the possibility of energy-
differentiated alpha particle determination. With this alpha spectrometry it is possible to 
distinguish old from new radon, radon from thoron and signal from noise [Burnett and Dulaiova, 
2006; Cartwright et al., 2011; Cartwright et al., 2014].  
Sampling for the radon measurement involved filling 1L HDPE bottles with no headspace at the 
stream site. 250 ml of the sample was then transferred to a glass flask. It is important to reduce 
the humidity within the RAD7 below 10 % before starting the measurement program and 222Rn 
was subsequently degassed for 5 minutes into a closed air loop of known volume. In order to 
obtain reliable data, the measurement was performed in 4 cycles of 30 min each. Later the 
average of those 4 values is used and a standard deviation is calculated... If possible the samples 
were measured directly in the field, if an on-site measurement was not possible a water sample 
was taken in a polyethylene bottle without headspace, kept cool and measured not later than 10 
hours after sampling [Durridge Co., 2019]. 
 
5.1.2 Laboratory Analysis 
Fluid samples were analysed for the major cations by ICP-MS or ICP-AES with Na+, Ca++, Mg++ and 
K+ having detection limits of 1 mg/L. Alkalinity was measured by PC Titration and has detection 
limits of 1 mg/L. Sulphate and Chloride were determined by Discrete Analyser as well with 
detection limits of 1 mg/L. C1-C4 gases were measured by gas chromatography–flame ionization 
detection (GC–FID) method with a detection limit of 1 µg/L. Quality control of the analyses is 
given by the measurement of randomly selected duplicates, as well as laboratory internal 
examination procedures (like method blank, control spike, matrix spike). No outlies have been 
found within the quality control. All water chemistry analyses were carried out by ALS 
Laboratory Group, Environmental Division Brisbane (Stafford, QLD, Australia).  
Supplementary the new groundwater and surface water samples were analysed at the 
University of Queensland (short: UQ) for further anions (Fluoride, Bromide, Nitrate, double 
check of Chloride and Sulphate) by ion chromatography (IC Dionex ICS 1100). Therefore a 
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preparation of the samples by filtering (0.45 µm) and dilution was needed (dilution ratio 1:1 for 
M2, M30, M31, M37 and 1:2 for M21, M32, M34). Trace metals (Al, As, Ba, Cu, Fe, Li, Mn, Si, Sr, 
Zn) were determined using ICP-OES at the geochemistry laboratory in the School of Earth and 
environmental Sciences at UQ. The corresponding detection limits are mentioned in Appendix 
D.1. table D. The samples were previously prepared for laboratory analysis by filtering (0.45 µm) 
and acidified with nitric acid immediately after sampling.  
The new groundwater samples from the Moonie Oil Field were analysed for δ18O and δ2H at the 
Stable Isotope Geochemistry Laboratory within Earth and Environmental Sciences UQ. An 
isotope ratio mass spectroscopy (isoprime dual inlet IRMS with multiprep) was used to analyse 
the filtered (0.45 µm) samples. Accuracy and precision were better than ±3‰ for δ2H and 
±0.1‰ for δ18O at 1σ. The stable isotope analyses of the new surface water samples were 
performed at the Stable Isotope Facility of the University of California in Davis, USA using a 
Laser Water Isotope Analyser V2 (Los Gatos Research, Inc., Mountain View, CA, USA). Accuracy 
and precision were ±5‰ for δ2H and ±0.1‰ for δ18O at 1σ. Both laboratories measured the 
compositions as deviations relative to VSMOW.  
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5.2 Data Processing 
5.2.1 GWDB 
In addition to the new datasets, hydrochemical datasets provided in the Groundwater Database 
were used. The GWDB is storing registered water well data from private water wells and 
Queensland Government groundwater investigation and monitoring wells. Data includes well 
location, water levels, construction details, strata log, aquifer information and water quality, all 
stored in separate tables. The software R is used for working with the tables. Linking and cross-
referencing of the tables is based on the well registration number (RN), which is the database 
key.  
Working with the GWDB revealed several errors and discrepancies within the database, such as: 
discrepancies between aquifer tops and bottoms and well description in the stratigraphy table 
or incomplete water analysis datasets, which led to ionic imbalances due to missing ion 
concentrations. A data quality control and several steps of verification concerning the aquifer 
assignment were done prior to interpreting the water analysis data. 
After extracting the wells from the study area via ArcGIS (ArcGIS version 10.5), further 
investigation was done via R (R version 3.5.1 and RStudio 1.1.463). In total there are 540 wells 
located in the study area. 23 different aquifers were assigned to those wells, as well as a large 
number of unknown aquifers (Figure 15).  
 
Figure 15: Histogram (logarithmic scale) of the aquifers of the GWDB wells in the Moonie Region. 
In total 540 different wells are located in the study area. 23 different aquifer assignments are used 
in the database. 64 wells have an unknown aquifer. The wells are subsequently grouped in 
different stratigraphic groups illustrated in the coloured rims. 
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For further data processing the aquifers were grouped into 8 stratigraphic units (Figure 16). The 
stratigraphic units are based in the hydrostratigraphy in Figure 5. Additionally, all wells with 
multiple aquifers are discarded in order to clearly assign the water analysis later. This leads to a 
total number of 276 single aquifer wells in the Moonie Area. These wells are just located in 5 
different stratigraphic groups, mainly in the Kumbarilla Beds (243 wells) as well as 64 unknown 
aquifers. 
 
Figure 16: Histogram (logarithmic scale) of the single aquifer wells in Moonie Region. Wells are 
grouped in stratigraphic units based on Figure 5. The wells are located in 5 different stratigraphic 
groups, as well as 64 unknown units.  
Subsequently, the assignment of the well depths and aquifers was additionally verified with 
OGIA depth data [OGIA, 2018]. This step also helps to minimize the number of unknown aquifers. 
In case of inconsistency between the two data sources (OGIA & GWDB) the OGIA assignment is 
considered to be most reliable. This assignment has reduced the total number of single aquifer 
wells from 276 to 265 wells due to multiple aquifer assignments. The unknown aquifers were 
reduced from 64 to 3. The remaining 3 wells with unknown aquifers are selected by hand and 
checked manually with surrounding wells in the water atlas [Water Atlas, 2018]. The three wells 
seem to belong to the Kumbarilla Beds-group, but a completely unambiguous allocation is not 
possible.  
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Figure 17: Histogram (logarithmic scale) of the single aquifer wells in Moonie Region after 
reduction of unknown aquifers. The number of unknown aquifer well was reduced from 64 wells 
to 3 wells with the help of the OGIA assignment.  
To sum up, there are 265 wells in the Moonie Area which consider a single stratigraphic group 
as their aquifer. Generally, most of the wells are located in the Kumbarilla Beds (84 %), 12 % in 
Rolling Downs Group, 1.8 % unknown aquifers and 1.1 % Walloon Coal Measures or Hutton 
Sandstone (Figure 17). The verification and assignment of the different aquifers was a labour 
intensive process and discrepancies greatly reduced the total number of useable wells. 
 
Finally, the GWDB chemistry data was used to assign the chemical composition of the 
groundwater to the water-bearing geological formations of interest. A preliminary quality 
control check of the water analysis data is necessary due to inconsistencies within the database. 
Only datasets with a water analysis number were used. The water analysis number is a unique 
sample number that is assigned during the laboratory analysis and enables unique identification. 
Additionally, all datasets older than 1950 were discarded because field and lab methods are 
obsolete in comparison with recent methods, as well as most of the old wells are out of use, so it 
is not possible to resample them. Besides that the drilling mud contamination was considered in 
the quality control check. When the sampling and drilling date were close to each other and the 
potassium concentration was abnormal high (i.e. similar range as Na+, Ca++ or even higher) these 
datasets were discarded as well. Subsequently, incomplete water analyses with regard to 
missing major ions (Na+, Ca++, Mg++, K+, HCO3-, Cl-) were removed. A data imputation step was 
then implemented to provide complete datasets. Using the R package zCompositions via the log 
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Data Augmentation function (lrDA), all values below the detection limit were replaced with 
substituted values derived from the ion ratios of the complete datasets.  
And finally the ionic balance was checked and remaining unreliable samples were discarded. All 
samples with a charge balance error > +/- 5 % are defined as unreliable. 
 
𝐶ℎ𝑎𝑟𝑔𝑒 𝐵𝑎𝑙𝑎𝑛𝑐𝑒 𝐸𝑟𝑟𝑜𝑟 [%] =  
∑ 𝑐𝑎𝑡𝑖𝑜𝑛𝑠 − |∑ 𝑎𝑛𝑖𝑜𝑛𝑠|
∑ 𝑐𝑎𝑡𝑖𝑜𝑛𝑠 + |∑ 𝑎𝑛𝑖𝑜𝑛𝑠|
∗ 100 
 
At the end 90 out of the 265 single-aquifer wells in the Moonie Region do have reliable water 
analysis data. In total there are 138 datasets available. As expected, most of those represent 
aquifer hydrochemistry of the Kumbarilla Beds (95 %). Around 4% are located in the Rolling 
Downs Group and there is just one dataset of an unknown aquifer (Figure 18, Figure 19). 
 
 
Figure 18: Number of water analysis data sets of the wells located in the Moonie Region after 
discarding of incomplete samples. Water analysis data are available out of the Rolling Downs 
Group (6 data sets), the Kumbarilla Beds (131 data sets) and one unknown aquifer. 
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Figure 19: Location of the GWDB wells (different aquifers) and the Moonie Oil Field wells in the 
Study Area.  
  
5. Methods, Sampling & Data Processing 
34 
5.2.2 Moonie Oil Field Data 
The GWDB doesn’t provide data of the deep Precipice Sandstone aquifer in the study area. 
However, hydrochemical dataset of the aquifer of interest are available from the Moonie Oil 
Field. Some of the well completion reports (WCR), disclosed by the Oil company Bridgeport 
Energy, of the oil wells drilled between 1962 – 1965, contain water analysis data (major ions, 
TDS, pH, resistivity). 11 of 14 dataset could be used for comparable analysis in this thesis. These 
11 dataset come from 8 different wells (M2, M4, M13, M18, M23, M24, M25a/M25b, Figure 20). 
The remaining 3 datasets (M39, M42, M44, drilled 2001-2010) could not be used in this study 
due to alleges contamination with drilling mud. A quality review of those datasets revealed that 
there are no K+- and F-- measurements for all 8 wells. The Mg++-concentrations are either not 
measured or below detection limit for 6 wells. Another inconsistency is the reported “total 
solids” which are usually lower than total dissolved solids (TDS) calculated from the measured 
ion concentrations. As a result, this early Moonie oil field hydrochemistry data had a limited 
application; however, pH, calculated TDS and measured major ion concentrations were 
considered within an acceptable accuracy for this study. The charge balance error of the 8 usable 
data sets is less than 5 % and therefore trustworthy. 
Additionally to the existing water analysis from the 1960’s, 7 new groundwater samples were 
taken by Bridgeport Energy in August 2018. The company sampled the following wells: M2, 
M21, M30, M31, M32, M34, M37. The water samples are taken out of different units within the 
aquifer. Some of the wells are purely producing out of the 56 or 58 sands and some are 
coproduced wells (Figure 20). 
 
Figure 20: Lithostratigraphy of the Precipice Sandstone, as well as the locations of the old and new 
samples. The old data are sampled either in 56 sand or in 58 sand, while the new samples are 
sampled in 58 sand or out of coproduced wells.  
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5.2.3 Compositional Data Analysis 
Compositional data consist of vectors of positive values summing up to a unit such as 
hydrochemistry data used in this study [Aitchison and Greenacre, 2002]. Compositional data 
analysis focuses on the relative distribution among the variables and the total sum of the 
individuals is irrelevant. The information they contain is relative rather than absolute and lies in 
the ratios of the parts. Compositional data analysis is used because of its three main properties: 
(1) scale invariance—the information is equivalent regardless of the units used; (2) 
subcompositional coherence— analysis of a subset must not contradict analysis of the entire 
composition/ does not depend on the rest of parts; (3) permutation invariance— the order of 
parts should be irrelevant, although this third principle is in general trivially satisfied by any 
given data set [Egozcue and Pawlowsky-Glahn, 2011; Owen et al., 2016a; Aitchison, 1982]. 
The basis of a spurious correlation free methodology is the analysis of log-ratios. The log-ratio 
methodology introduced by Aitchison [1982] provides an advantage over standard statistical 
data analysis which may carry technical difficulties and may induce misleading conclusions. 
Taking the logarithm of a ratio improves some features by providing symmetry of the data. In 
this study the centred log ratio (clr) is used to analyse the data sets. The centred log-ratio 
transformation is obtained by dividing components by the geometric mean of the parts and then 
taking the log-ratios (Equation I). The result of a clr transformation for a D matrix is a D matrix 
number of clr values. The geometric mean is defined in equation II. The clr transformation treats 
the parts of the composition symmetrically and all the clr-transformed coordinates ultimately 
sum up to zero [Aitchison, 1982; Owen et al., 2016a].  
 
𝑐𝑙𝑟(𝑥) = [𝑙𝑛
𝑥1
𝑔(𝑥)
; … ;  𝑙𝑛
𝑥𝐷
𝑔(𝑥)
]           Equation I 
𝑔(𝑥) =  √𝑥1 . . . 𝑥𝐷
𝐷        Equation II 
 
The data analyses discussed in this work have been conducted using R (zCompositions) and the 
open source software CoDaPack (2.02.21.) The clr transformed data are used to construct 
biplots which is a graphical tool to analyse complex associations between the components. The 
clr-biplot represents a bi-dimensional projection of the clr-log-ratio coordinates of samples in 
the same plot as the projection of the centred variables [Vives-Mestres and Martín-Fernández, 
2015]. Those plots describe variability of the data a dependency between the proportion in the 
numerator and the geometric mean of all parts in the composition is maintained. 
The biplots are based on a Principal Component Analysis. The first and second components 
represent the x- respectively y-axis of the diagram. The biplots used in this thesis are a result of 
a double-centring transformation of the matrix. Therefore the average of all data points is at the 
origin of the plot. The different variables are shown as a ray emanating from the origin. Their 
length and direction are important for interpreting the biplot. The connection between the end 
points of two rays is called link. It is a difference vector which represents the correlation 
between the variables.  
Several terminology and interpretation rules of the rays, links and data point/samples are 
described in Vives-Mestres and Martín-Fernández [2015] and Aitchison and Greenacre [2002] and 
summarized in the following (Figure 21):  
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1. The first and second principal components of a previous principal component 
analysis (PCA) represent the x- respectively y-axis of the biplot. Depending on the results 
of the PCA a certain percentage of data (up to 100%) are represented in the biplot. 
2. The location of the data points contains information about their composition. If a data 
point is located close to a ray its concentration of the representing ion is high. The 
general dispersion of all data point along x- or y-axis represents their overall fit to the 
principal component. The origin of the diagram represents the average of all data points. 
3. The rays are representing the variables (here: ions). Their length is proportional to the 
standard deviation and clr-variance. This implies that a long ray has a high variance, 
meaning large differences in the concentration of a certain ion within the dataset. The 
inverse length of a ray represents a single length unit of the variable. The angle between 
the rays gives indication to the proportionality between the variables. If the angle 
between the rays is small, there is a strong correlation between these two variables, 
meaning a high proportionality. If there is a 90° angle there is no correlation between the 
two variables. 
4. The connection between the end points of rays is called links. There is a correlation 
between the length of links and ion ratios.  
 
 
Figure 21: Explanation of the terms used in the interpretation of biplots. 
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6. Results & Interpretation 
6.1 Hydrochemical Composition of the Precipice Sandstone Aquifer 
To investigate inter-aquifer connectivity a general geochemical signature for the individual 
aquifers needs to be defined. These “endmember”-hydrochemical compositions are necessary to 
identify mixing between the different aquifers. Therefore an endmember for the Precipice 
Sandstone aquifer is needed. To achieve this, two different data sources are use: the GWDB and 
data from the Moonie Oil field.  
 
6.1.1 GWDB  
As described in chapter 5.2.1. no GWDB water analysis data from the Precipice Sandstone 
aquifer are available in the study area.  
 
6.1.2 Moonie Oil Field Data 
In total there are 18 water analysis datasets of the 14 different wells of the Moonie Oil Field 
available that represent the Precipice Sandstone aquifer. 11 datasets of 8 wells are available 
from the WCR in the 1960’s (“old data”), as well as 7 new sampled wells from August 2018 
(“new data”). Unfortunately, the newly sampled wells produce either purely out of the main 
reservoir (58 sand) or are coproduced wells of both hydrocarbon reservoirs. It is likely that the 
proportion of 58 sand-water in the coproduced wells is higher than the 56 sand-water 
proportion because of its higher permeability [UQ-SDAAP, 2019].  
In the following the datasets are investigated to define an endmember hydrochemistry for the 
Precipice Sandstone aquifer, as well as examine differences between the different sands (56 
sand and 58 sand).  
 
Major ions 
The following bar plots (Figure 22) show the percentage composition of the Moonie Oil field 
groundwater. Generally the hydrochemical composition of the different units is similar and has 
two main ions (HCO3- and Na+). Although there are minor differences within the different units 
of the Precipice Sandstone the data is sufficient to characterize the Moonie Oil Field 
hydrochemistry as slightly brackish Na-HCO3 water type. This water type is also supported from 
literature data [Grigorescu, 2011a; OGIA, 2016; Raiber and Suckow, 2017; Ransley et al., 2015]. A 
slight difference between the different sand units is visible in the content of Cl- and HCO3-     
(Table 3). The 56 sand has a Cl- content of 2.4 mmol/L (2.8 %) and a relative higher content of 
HCO3-. with 39.4 mmol/L (47.0 %). The 58 sand and coproduced water on the contrary have a 
higher content of Cl- of 5.2-5.4 mmol/L (8.3 – 8.6 %) and respectively a lower content of HCO3- 
with 25.7-26.4 mmol/L (41.3 - 41.9 %). The absolute Na+ content is significantly different (56 
sand = 40.1 mmol/L; 58 sand & coproduced wells 29.8 - 30.0 mmol/L). However, the percentage 
of Na+-ions on the total composition is similar with 48.6 % (56 sands) and 47.3 - 48.2 % (58 sand 
& coproduced) (Table 3).  
The difference between the 56 and 58 sands or coproduced water in the amount of total 
dissolved solids (TDS) is more distinct (Figure 23). 56 sand has a higher content of TDS with 
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about 3500 mg/L, while the samples from the 58 sand and coproduced wells have TDS content 
of about 2500 mg/L.  
In general, the average major ion compositions for the 58 sand and coproduced water are very 
similar (Table 3). The 56 sand has slightly higher content on Na+-, Mg++-, HCO3--, SO4---ions and 
lower concentrations in the remaining ions than the water from the 58 sand and the coproduced 
water. The general Precipice Sandstone aquifer hydrochemistry is defined as the average of all 
available datasets. 
Table 3: Precipice Sandstone hydrochemistry. Shown are the averages of the individual units and 
the coproduced wells, as well as the total average of the Precipice Sandstone aquifer. 
Averages unit Na+ K+ Ca++ Mg++ Cl- HCO3- SO4-- F- SUM 
mmol/L 56 sand 40.75 0.37 0.16 0.09 2.37 39.41 0.45 0.20 83.80 
% 
 
48.63 0.44 0.19 0.11 2.83 47.03 0.53 0.24 100.00 
mmol/L 58 sand 29.96 0.53 0.37 0.05 5.18 25.67 0.15 0.24 62.15 
% 
 
48.21 0.85 0.60 0.08 8.33 41.30 0.24 0.39 100.00 
mmol/L coproduced 29.83 0.61 0.35 0.05 5.41 26.39 0.03 0.36 63.03 
% 
 
47.33 0.97 0.56 0.08 8.58 41.87 0.05 0.57 100.00 
mmol/L 
Precipice 
SST (total) 
32.33 0.51 0.32 0.06 4.61 28.88 0.20 0.26 67.16 
% 
 
48.13 0.76 0.48 0.09 6.86 43.00 0.29 0.38 100.00 
 
 
Figure 22: Compositional water analysis of Moonie Oil Field data. The analysis includes the major 
anions and cations. 
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Figure 23: Total dissolved solid concentration in mg/L of the different units within the Moonie Oil 
Field.  
Biplots (Figure 24 and Figure 25) are used to have a closer look at the major ion compositions 
and differences between the two sand units in the Precipice Sandstone aquifer. The respective 
principal components are represented in the table next to of the biplots.  
In first biplot all major ions were integrated in a compositional analysis (Figure 24). Here the 
first and second principal component (x and y axis) represent around 75 % of the general data 
point/datasets. In this biplot it becomes already clear that there is a slight separation of the 56 
(blue dots) from coproduced (green) and 58 (red). The length of the rays (light blue) represents 
the standard deviation of the ion. Mg---ray is the longest, meaning that this ion has the largest 
standard deviation. Due to the high angle between all the other ions there is no clear correlation 
visible. It has to be mentioned, that the Mg++-ions are partly imputed data. The blue dots 
representing the 56 sands are located on the right side of the biplot. This suggests a relative 
higher concentration in SO4--, HCO3- and Na+. The ray-length of the ions K+, Cl-, Na+, and HCO3- is 
relatively short. This implies a relatively low variance within these ions.  
For the second biplot just the three main ions Na+, Cl-, HCO3- were selected (Figure 25). The first 
principal component already represents 99 % of the datasets and with the second principal 
components 100 % of the three ions are represented. In this biplot the separation between the 
56 sand and the 58 or coproduced wells is clearly visible. The separation is based on a higher 
relative concentration of Na+ and HCO3-, while the water data from the 58 sands and coproduced 
wells have a higher relative concentration of Cl-.   
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Principal Components:  
  clr. Na+ clr. K+ clr. Ca++ clr. Mg++ clr. Cl- clr. HCO3- clr. SO4-- clr. F- 
Cum. Prop. 
Exp. 
PC1 0.1196 -0.0685 -0.1922 -0.3704 -0.0819 0.1306 0.0000 -0.3500 0.5540 
PC2 -0.0197 -0.1426 -0.2651 0.8487 -0.1983 -0.0032 0.1404 -0.3602 0.7522 
PC3 0.2265 0.2846 0.1552 -0.0927 0.2881 0.2435 -0.3502 -0.7550 0.9083 
PC4 -0.3378 -0.1545 0.7424 0.0839 0.0967 -0.4345 0.2318 -0.2280 0.9564 
PC5 0.2470 -0.8506 0.0488 -0.0043 0.3947 0.2228 -0.0836 0.0253 0.9827 
PC6 -0.2408 0.1464 -0.4360 0.0435 0.7570 -0.3803 0.1044 0.0058 0.9999 
PC7 0.7589 0.0120 -0.0114 -0.0041 -0.0881 -0.6447 -0.0211 -0.0014 1.0000 
Figure 24: Biplot based on the principal components of the complete Moonie Oil Field data set (Na+, 
K+, Ca++, Mg++, Cl-, HCO3-, SO4-- and F-). Interpretation rules and explanation see chapter 5.2.3. 
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Principal Components: 
  
  clr. Na+ clr. Cl- clr. HCO3- 
Cum. Prop. 
Exp. 
PC1 0.3417 -0.8161 0.4713 0.9948 
PC2 -0.7415 0.0748 0.6667 1.0000 
 
Figure 25: Biplot based on the principal components of the Moonie Oil Field data set. Only the 
three main ions (Na+, Cl- and HCO3-) are integrated in the analysis. Interpretation rules and 
explanation see chapter 5.2.3. 
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Hydrocarbon gases 
The C1-C4 concentrations were measured in the Moonie Oil Field samples from 2018. Table 4 
shows the analysis results as well as the (rounded) Bernard Parameter (C1/C2-C4 ratios), which 
is used as an indicator of gas migration along the Moonie fault. There are only higher 
concentrations of alkanes present in the water analysis. Methane shows the highest 
concentrations of 2080 – 6040 µg/L, followed by butane (162 – 894 µg/L), propane (74 –
314 µg/L) and ethane (50 – 123 µg/L). All the Moonie Oil Field samples have a C1/C2-C4 
significantly below 100 (min = 3, max= 19) that indicates thermogenic origin, which is typical for 
oil reserves.  
Table 4: Hydrocarbon gases (C1-C4) concentration of the Moonie Oil Field data. Last column 
represents the rounded Bernard Parameter.  
Well 
Methane 
[µg/L] 
Ethene 
[µg/L] 
Ethane 
[µg/L] 
Propene 
[µg/L] 
Propane 
[µg/L] 
Butene 
[µg/L] 
Butane 
[µg/L] 
Bernard 
Parameter 
M2 5190 <10 109 <10 314 <10 894 4 
M21 2480 <10 117 <10 296 <10 384 3 
M30 6040 <10 79 <10 74 <10 162 19 
M31 3800 <10 72 <10 118 <10 333 7 
M32 3470 <10 66 <10 111 <10 203 9 
M34 2080 <10 50 <10 175 <10 295 4 
M37 5200 <10 123 <10 182 <10 629 6 
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6.2 Connection between Precipice Sandstone and Surface Water 
 
By measuring hydrochemical and physical parameters in the surficial drainage systems in the 
study area the conceptual scenarios concerning the leakage along the fault (S2 and S5, see  
Figure 13) are investigated. Areas of potential fault-to-surface connectivity occur at intersection 
between the Moonie Fault system and overlying streams and/or in areas of low elevations 
(≤ 250 m) or in areas where the underling pressure head in the Precipice Sandstone aquifer is 
≤ 250 m (Figure 7). To assess these scenarios the respective endmember hydrochemistries of 
the different aquifers are needed. Water analysis data from the pure surface water are not 
available. The average hydrochemical compositions of the Precipice Sandstone (derived from 
Moonie Oil Field data), as well as the compositions of the Kumbarilla Beds and Rolling Downs 
group from the wells in the Moonie Region (both derived from GWDB) are available within the 
study area (Figure 26). As the Rolling Downs Group groundwater is the shallowest aquifer and 
its hydrochemistry is used to compare with the Precipice Sandstone water. Based on these 
general hydrochemical compositions the main differences in term of hydrochemistry are 
expected to be in following major ions: HCO3-, Cl-, Ca++ and Mg++. However, the Mg++ data are 
excluded from the analysis, since these are mainly imputed data. 
 
 
Figure 26: Comparison of the hydrochemical composition of the Precipice Sandstone (blue) and 
the stratigraphic groups Rolling Downs Group (red) and Kumbarilla Beds (orange). The Precipice 
Sandstone data derive from the Moonie Oil Field and the other two data sets originate from the 
Groundwater Database (QLD).  
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The groundwater of the Rolling Downs Group has a much higher concentration in Ca++- and Cl--
ions than the Precipice Sandstone aquifer (for Ca++-ions: 489 mg/L respectively 12 mg/L; for    
Cl--ions: 6532 mg/L, respectively 153 mg/L). As a result, if there is a significant influx of 
Precipice Sandstone water into the surface streams, there must be a reduction of those ions in 
the surface water. In contrast, the hydrochemical data of the Precipice Sandstone show a very 
high concentration of HCO3- (1860 mg/L), whereas the Rolling Downs Group contain 333 mg/L 
HCO3-. A rise in HCO3- should be visible in the surface waters, if there is a connection and 
therefore mixing of those waters.  
Distance-plots show the respective variation of the major ion concentrations, physical 
parameter or 222Rn-concentration along the river course (Figure 27, Figure 28, Figure 29). Areas 
where the Moonie Fault System crosses the Moonie and Weir rivers and the Wyaga Creek are 
highlighted with an orange shadow. If there is a Precipice Sandstone groundwater influx to the 
stream it is expected to notice: 
 a negative peak for Ca++and Cl-. 
 a positive peak for HCO3-. 
The distance-plot of the Moonie River (Figure 27), as well as the Weir River (Figure 28) and its 
tributary Wyaga Creek (Figure 29) do not indicate such consistent peaks of the ions. Although 
the Moonie River does show a positive peak at sample location MR7 for HCO3-, there is also a 
positive peak for Ca++ and Cl-, which is inconsistent with the criteria above. The same is visible at 
sample location WR3. Since no correlating peaks are visible, no indications of point-source 
discharge of groundwater at the fault are found with regard to the major ion concentration. 
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Figure 27: Distance plots of the Moonie River. The orange shadow indicates the location where the 
Moonie Fault crosses the stream course. In A the major ions Ca++, Cl- and HCO3- are illustrated. 
Indicators for Precipice Sandstone water influx are a negative peak of Ca++and Cl- or a positive 
peak of HCO3-. pH and the specific conductivity (SPC) are shown in B. Correlating changes of these 
parameters could be an evidence for Precipice Sandstone water influx. The 222Rn concentration is 
displayed in C. A significant increase of 222Rn (>1000 Bq/m3) would indicate groundwater influx. 
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Figure 28: Distance plots of the Weir River. The orange shadow indicates the location where the 
Moonie Fault crosses the stream course. In A the major ions Ca++, Cl- and HCO3- are illustrated. 
Indicators for Precipice Sandstone water influx are a negative peak of Ca++and Cl- or a positive 
peak of HCO3-. pH and the specific conductivity (SPC) are shown in B. Correlating changes of these 
parameters could be an evidence for Precipice Sandstone water influx. The 222Rn concentration is 
displayed in C. A significant increase of 222Rn (>1000 Bq/m3) would indicate groundwater influx. 
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Figure 29: Distance plots of the Wyaga Creek. The orange shadow indicates the location where the 
Moonie Fault crosses the stream course. In A the major ions Ca++, Cl- and HCO3- are illustrated. 
Indicators for Precipice Sandstone water influx are a negative peak of Ca++and Cl- or a positive 
peak of HCO3-. pH and the specific conductivity (SPC) are shown in B. Correlating changes of these 
parameters could be an evidence for Precipice Sandstone water influx. The 222Rn concentration is 
displayed in C. A significant increase of 222Rn (>1000 Bq/m3) would indicate groundwater influx. 
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As another indicator for hydraulic connection is the change of pH and SPC along the river course. 
The Moonie River distance-plot (Figure 27) shows peaks of pH and SPC at sample positions MR3 
and MR7 near the supposed fault intersection. However, since these parameters generally vary 
greatly along the river course, no correlating peculiarities between significant peaks in pH or 
SPC and the Moonie fault could be detected for any of the three streams.  
The radon concentration, as a groundwater influx parameter, is displayed in the distance plots 
as well. Although there are some peaks visible, the general concentration of 222Rn is very low in 
comparison to similar studies [Cartwright and Hofmann, 2016; Cook et al., 2006; Lamontagne 
and Cook, 2007]. The average 222Rn concentration of all three streams is 30.61 Bq/m3 (MR: 
24.57 Bq/m3; WR: 42.59 Bq/m3; WC: 24.67 Bq/m3). The maximum 222Rn concentration is 
72.43 Bq/m3 (sample WR5). This is significantly lower than literature 222Rn values for 
groundwater influx ranging from 1000 to several 10000 Bq/m3 [Cartwright and Hofmann, 2016]. 
All averages are below 1000 Bq/m3, suggesting only limited hyporheic groundwater 
contributions for these surface waters. 
As described previously, the Precipice Sandstone aquifer contains thermogenic hydrocarbons, 
while the overlying stratigraphic units contain predominantly biogenic hydrocarbon gases like 
methane. Although the previous indicators did not indicate a fluid ascent from deeper layers, it is 
possible that only gas ascends (scenario S5, Figure 13). Even though hydrocarbons gases may 
migrate independently of groundwater, due to buoyancy, it is logical to expect that any free gas 
would equilibrate with overlying surface water, resulting in a dissolved gas component 
including the higher chain hydrocarbons in surface waters supporting the scenario S5 (Figure 
13). 
No higher chain hydrocarbons (C2-C4) are found in the surface waters (see Appendix D.2. 
table D). There are some samples with increased methane concentration (WR2: 122 µg/L; WR5: 
134 µg/L), but methane can also be produced in the shallow aquifer system or the stream 
sediments. For the surface water samples it was not possible to calculate the Bernard Parameter, 
because no higher chain hydrocarbons are present, which means that the hydrocarbons have no 
thermogenic origin.  
 
All in all, the investigated parameters (major ions, pH, SPC, 222Rn, hydrocarbons) from the 
surface water samples in the study area indicate the lack of any deep water source from the 
Precipice Sandstone aquifer to the surface. Especially at the intersections of the Moonie Fault 
within the streams there is no significant evidence for an up-fault discharge potential of fluids or 
gases. This leads to the exclusion of scenario S2 and S5 concerning Precipice Sandstone 
groundwater rising to the surficial drainage systems.  
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6.3 Understanding the Evolution of the Precipice Sandstone 
Groundwater 
6.3.1 Stable Isotopes of Water 
Additionally to parameters measured to assess up-fault leakage potential, stable isotopes of 
water (δ 18O & δ2H) were measured in the surface streams (20 samples) and the Moonie Oil field 
(7 samples). The stable isotopes of water can indicate the origin of the ground- or stream water 
and can also show trends based on isotopic fractionation.  
 
Figure 30: δ18O & δ2H data are plotted in a x-y diagram with the local meteoric water line from 
different cities in Australia [Crosbie et al., 2012], as well as the global meteoric water line. Average 
of surface water data marked with a star. 
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The average of the Moonie Oil field data is -6.8 ‰ δ 18OVSMOW and -44.7 ‰ δ2HVSMOW. The surface 
water samples deviate significantly from the Precipice Sandstone aquifer at the Moonie Oil Field 
(Table 5). 
Table 5: Isotope averages of Moonie Oil Field and the three surface water streams. 
 
δ2HVSMOW 
[‰] 
δ 18OVSMOW 
[‰] 
Moonie Oil Field -44.7 -6.8 
Moonie River 12.0 2.9 
Weir River 24.9 5.6 
Wyaga Creek 2.2 1.3 
 
The surface water samples (Moonie River (green), Weir River (red) and Wyaga creek (blue)) are 
offset to the local meteoric water lines (Figure 30). This offset to lower δ2HVSMOW-values indicates 
an evaporation effect. The “freshest” (meaning lightest) stable water isotopes are found at the 
sample locations WR4, WC1 and GC1 (see Appendix D.2. table D). The heaviest stable water 
isotopes are found at MR7 and MR4 (see Appendix D.2. table D). The surface water data also 
differ from the Precipice Sandstone aquifer data. The average of the surface water data are all 
positive values and therefore more enriched as the Moonie Oil Field data, which are much lighter 
(Table 5). 
Additional literature data [Crosbie et al., 2012] is used to compare these results with other 
locations in Australia. In Figure 30 the Local Meteoric Water lines of different towns are shown, 
based on data from Crosbie et al. [2012]. The Precipice Sandstone water plots close to the local 
meteoric water lines from Charleville and Rockhampton. Those towns are located in Queensland, 
northwest and north of Moonie.  
In Figure 32 and Figure 33 literature data is used to obtain general distribution maps and assess 
the different effects influencing the stable water isotopes. If we compare the distribution maps of 
the stable water isotopes with the altitude there is no correlation visible (Figure 31). Therefore, 
an altitude effect can be excluded. Furthermore a continental effect is not noticeable, because the 
lightest isotopes are located around Mt. Isa in the northwest of Queensland and not in the centre 
of the continent. Generally, almost all the rainfall data from Crosbie et al. [2012] are heavier as 
the Moonie Oil Field data (-44.7 ‰/-6.8 ‰). The most similar ones are Learmonth (-42.9 ‰/    
-6.6 ‰) and Townsville (-42 ‰/-6.9 ‰). Both cities are located at the coast. The only rainfall 
which is lighter than Moonie is from Mount Isa (-63.2 ‰/-9.1 ‰). Figure 32 and Figure 33 
seem to illustrate a lighter rain entering Australia from the North. 
To sum up, the stable isotopes of water show different patterns between the surface water data 
and the Moonie Oil field samples. Within the surface water data an evaporation trend is visible. 
The Moonie Oil Field data show very light stable water isotopes. The most similar data can be 
found in Charleville, a town close to the outcrop area of the Precipice Sandstone. 
6. Results & Interpretation 
51 
 
Figure 31: Surface topography of Australia (GEODATA 9 second [AGD, 2019]). The cities with the 
stable isotope data from Crosbie et al. [2012] are shown in the map. 
 
Figure 32: Map of Australia with δ 18O data from different cities. The data from Crosbie et al. [2012] 
and the Moonie Region are interpolated with the ArcGIS tool “Topo to Raster” and a distribution 
map was created.  
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Figure 33: Map of Australia with δ 2H data from different cities. The data from Crosbie et al. [2012] 
and the Moonie Region are interpolated with the ArcGIS tool “Topo to Raster” and a distribution 
map was created.  
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6.3.2 Comparison of Data from Northern Surat Basin 
 
Figure 34: Map of the Surat Basin. Coloured is the depth of the base of the Precipice Sandstone 
aquifer (Layer 10 – Base of Surat Basin [AGD, 2019]). The Zone North is the interpolation area of 
the Study Area in the south. Both areas are 100 km x 100 km. The blue dots illustrate the Precipice 
Sandstone wells of the GWDB. The yellow dots are the locations of the Moonie Oil Field wells.  
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Another approach to understand the evolution of the Precipice Sandstone groundwater is to 
investigate GWDB data from the aquifer in the Northern Surat Basin. Therefore the “Zone North” 
was selected (Figure 34), which is closer to the recharge area and more data rich in terms of 
Precipice Sandstone data. Zone North has the same dimensions as the study area (both 100 km x 
100 km). Firstly, a comparison of the mineralogy of the Jurassic aquifers is done, to assess the 
transferability of the groundwater data (Figure 35). 
 
 
Figure 35: Comparison of the mineralogy of the Jurassic stratigraphic units between the Study area 
and the Zone North. XRD data from Grigorescu [2011b] are used.  
The mineralogy of the different stratigraphic units is mostly very similar to each other (Figure 
35). The Evergreen Formation shows the greatest mineralogical differences between Zone North 
and the study area. In the Moonie Region the percentage-based proportion of Quartz (39 %) is 
smaller than in Zone North (52 %); whereas the mica and smectite-illite mixed layers content is 
higher in Study Area (12 % respectively 8 %; Zone North: 5 % respectively 2 %).  
In the northern Surat Basin the data availability of the Early Jurassic stratigraphic units, 
including the Precipice Sandstone, is better than in the data poor southern and south-eastern 
Surat Basin. This can be explained by the shallower depth of the Jurassic layers close to the 
recharge area in the north (Figure 34). The data processing of the GWDB was done as described 
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in chapter 5.2.1.. The GWDB assessment (Table 6) revealed that before the data processing there 
are more than twice as much wells located in Zone North (1289 wells) than in the study area 
(540 wells). After the quality control check the initial amount of wells available in each region is 
reduced by more than 50 %. In Zone North there is a reduction from former 1289 to 617 wells 
and in Study Area from initial 540 to 265 wells. The unknown units could be minimized from 
181 to 27 wells, which significates a reduction of 85 % (Study Area: 64 - 3 = 92 %).  
Table 6: Comparison of the GWDB assessment between the study area and Zone North in Precipice 
Sandstone. 
 
Zone North Study Area 
at beginning of analysis 
(GWDB) 
1289 wells  
(of which 181 wells in 
unknown units) 
540 wells  
(of which 64 wells in 
unknown units) 
after quality control 
(grouping, discarding of 
multiple aquifer, "closed" wells, 
OGIA assignment) 
617 wells  
(of which 27 wells in 
unknown units) 
265 wells  
(of which 3 wells in unknown 
units) 
Water Analysis Data 
(GWDB) 
148 wells 141 wells 
after quality control 
(discarding of incomplete data 
sets, data imputation, ionic 
imbalances) 
74 wells  
(with 141 data sets) 
90 wells  
(with 138 data sets) 
 
The majority of the wells in Zone North are still located in the Kumbarilla Beds (153 wells), but 
there is a much higher number of wells in the early Jurassic stratigraphic units (such as Hutton 
Sandstone = 117 wells, Evergreen Formation = 51 wells, Precipice Sandstone = 97 wells;     
Figure 36).  
After the water analysis data quality control there are 74 wells in Zone North with 141 datasets 
of hydrochemistry data. The amount of reliable water analysis datasets in Zone North is similar 
to those in the study area but the important difference between these data is the sampled 
aquifer. In the study area there are no water analysis data available for the Jurassic aquifers; 
whereas in Zone North most of the water analysis data originate from the Precipice Sandstone 
(74 data sets), as well as some of the Hutton Sandstone (15 datasets) and Evergreen Formation 
(2 data sets) (Figure 37).  
The average hydrochemical compositions of the stratigraphic units in Zone North are displayed 
in Table 7, as well as the water analysis data from Study Area.  
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Figure 36: Histogram (logarithmic scale) of the grouped aquifers of Zone North. In total there are 
617 wells. 
 
Figure 37: Number of water analysis data sets of Zone North after reduction of unknown units. In 
total there are 141 data sets from 74 different wells.  
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Table 7: Average hydrochemistry of different grouped aquifers in Zone North and Study area.  
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The comparison of the absolute values of the Precipice Sandstone hydrochemistry in the 
Northern Surat Basin with those in the Southern Surat Basin indicates that the hydrochemistry 
in the South is generally enriched in all the ions expect for Mg++ (Table 7). Comparing the 
absolute values can be misleading, because of that ion-ratios are used. Na+/Ca++-ratios shows the 
relationship between the two major cations (Figure 38). It is an indicator for ion-exchange. The 
Precipice Sandstone data show Na+ as the predominate cation. Especially in the 56 sand the 
monovalent ion is dominating. The Na+/Cl--ratio are indicators for silicate weathering, as the 
ratio is >1 (Figure 39). Dissolution of halite generally results in a ratio approximately equal to 1. 
Possible minerals contribution to these increased ratios of Na+/Cl- might be albite [Meybeck, 
1987; Kumar et al., 2009]. The HCO3-/Cl--ratio indicates the dominating anion. It is clearly visible 
that the Precipice Sandstone groundwater is dominated by bicarbonate as major anion. The 
ratios are >1, reaching mean values up to 17 (Figure 40). All the ratio plots show that the 
Precipice Sandstone hydrochemistry from Zone North plot in similar ranges as the 58 sands or 
coproduced wells of the Moonie Oil field data (Study Area). The 56 sand data show higher values 
for the ratios Na+/Ca++, Na+/Cl- and HCO3-/Cl-. It has to keep in mind that the total amount on 
available datasets is much higher in Zone North (74 datasets) than in the study area 
(18 datasets). Therefore the reliability of the Zone North data might be higher.  
 
 
Figure 38: Na+/Ca++-ratio plot of the Precipice Sandstone data. Comparison of Zone North (orange) 
and the Precipice Sandstone in the Moonie Area (individual units: blue, green, red).  
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Figure 39: Na+/Cl--ratio plot of the Precipice Sandstone data. Comparison of Zone North (orange) 
and the Precipice Sandstone in the Moonie Area (individual units: blue, green, red). 
 
Figure 40: HCO3-/Cl--ratio plot of the Precipice Sandstone data. Comparison of Zone North (orange) 
and the Precipice Sandstone in the Moonie Area (individual units: blue, green, red). 
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The biplot (Figure 41) with the main components Na+, Ca++, Cl- and HCO3- displays a seperation 
between the data from Zone North (orange) and from the study area (Moonie Oil field data: 56 
sand = blue, coproduced = green, 58 sand = red). Data from the study area have generally a 
higher realtive concentration of Na+-ions, as they plot closer to the clr. Na+-ray. This separation 
can possibly be interpreted as an impact of the locations closer to the recharge areas and 
subsequently a shallower depth of the Precipice Sandstone. Furthermore it is notable that there 
is a more distinct separation of the 56 sands towards the first principal component (blue). This 
separation was already visible in the ratio plots and can be interpreted as a separation between 
the lateral continuous 58 sand aquifer and the locally varying 56 sand aquifer.  
 
All in all, based on the mineralogy data from the Northern Surat Basin are transferable to the 
Southern Surat Basin. Although the absolute hydrochemistry data looks very different, the 
relative comparison shows that the water chemistry of the Precipice Sandstone in Zone North is 
similar to the 58 sand of the Moonie Area. Generally, the data from the Moonie Oil field is more 
enriched in most of the ions, which means that there are chemical processes happening along 
the flow path from the recharge area towards the Southern Surat Basin. The 56 sand seems to be 
hydrochemically different, which supports the theory of a locally isolated aquifer [UQ-SDAAP, 
2019]. 
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Principal Components: 
  clr. Na+ clr. Ca++ clr. Cl- clr. HCO3- 
Cum. Prop. 
Exp. 
PC1 0.3096 -0.6032 -0.3518 0.6454 0.6979 
PC2 -0.1611 0.6197 -0.7217 0.2631 0.9526 
PC3 0.7926 0.0461 -0.3247 -0.5140 1.0000 
 
Figure 41: Biplot based on the principal components of the Moonie Oil Field data set (blue, green, 
red) and the GWDB data set for the Precipice Sandstone in Zone North (orange). The four main 
ions (Na+, Ca++, Cl- and HCO3-) are integrated in the analysis. Interpretation rules and explanation 
see chapter 5.2.3. 
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6.3.3 Modelling the Geochemical Evolution of the Precipice Sandstone Groundwater 
In order to better understand the hydrochemistry of the Precipice Sandstone groundwater a 
geochemical modelling was implemented with the software PhreeqC [USGS, 2017]. Local 
rainwater and river water were used as an initial hydrochemical composition and several 
equilibration steps are applied with the attempt to compare the measured hydrochemistry of 
the Precipice Sandstone aquifer with the modelled water chemistry in equilibrium with the 
mineralogy. The aim of the model is to get a better knowledge about the origin and evolution of 
the Precipice Sandstone groundwater and its hydrogeochemical processes along the flowpath. 
 
 
Figure 42: Schemata of multi-step model with PhreeqC. 
There are four different steps implemented in the model to achieve the supposed aquifer 
hydrochemistry (Figure 42). Three different input water compositions are used. The first one is 
a rain water composition of Toowoomba, a town 150 km east of Moonie, while the last two input 
water are river water compositions from Turmaville (110 km east-southeast of Moonie) and 
Warwick (170 km east-southeast of Moonie).  
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The first step is to evaporate the initial solution until achieving an average chloride 
concentration of the Precipice Sandstone aquifer data (180 mg/L). Feth [1981] describes 
different sources of chloride in groundwater, including aerosols, soils, precipitation evaporates, 
brines and hydrothermal fluids. It is unlikely that minerals and rocks directly contribute to such 
high concentrations. Evaporites can provide large quantities of chloride to water, but there are 
no evaporates found within the Precipice Sandstone. A possible source of chloride in arid 
regions is the evapotranspiration which increases the chloride concentration in the soil and may 
be washed out and enriches the groundwater. To simplify the model it is assumed that chloride 
is only produced by evapotranspiration of the precipitated water. After achieving the chloride 
concentration of the Lower Precipice Sandstone groundwater the solution is mixed with H2O to 
recover the required quantity of water (1 kg) needed for modelling. The third step is to integrate 
soil processes. This should represent equilibrium processes with minerals in the soil and a 
temperature gradient within the uppermost 10 m. The minerals used in this step are: Calcite, 
Kaolinite, K-Feldspar, K-Mica, Ca-Montmorillonite, as well as Quartz, Anorthite and Albite, with 
the last three only dissolving. A partial pressure of CO2 of three times the atmospheric pressure 
is used in this step [Amundson and Davidson, 1990]. The fourth and main step is the equilibrium 
between the water and the Precipice Sandstone mineralogy. Therefore the minerals of the 
Precipice Sandstone are thought to be in equilibrium with the water. These minerals are: Albite, 
Anorthite, K-Feldspar, K-Mica, Kaolinite, Siderite and Quartz. A temperature gradient is 
implemented until a depth of 2100 m. The temperature gradient used in the PhreeqC modelling 
was calculated with depth-temperature data from a well completion report of the Cabawin well, 
located ≈ 50 km north-north-west of Moonie. 
 
Figure 43: Precipice Sandstone hydrochemistry (blue) compared with PhreeqC modelled results 
from the Rainwater in Toowoomba, Riverwater in Turmaville and Riverwater in Warwick.  
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The achieved modelling output is compared with the average Precipice Sandstone 
hydrochemistry (Figure 43). The main differences are visible in HCO3-. The output (< 50 mg/L) is 
significantly lower in HCO3- than the real Precipice Sandstone aquifer (> 1500 mg/L). This also 
results in a discrepancy in pH. The concentration of Na+-ions and Ca++-ions of the Precipice 
Sandstone aquifer (Na+: > 700 mg/L, Ca++: > 10 mg/L) is also higher than the output of the 
PhreeqC-model (Na+: < 300mg/L Ca++: < 0.1 mg/L). Although the Precipice Sandstone aquifer 
contains a K+-concentration of ≈ 20mg/L all the modelled output don’t contain any K+-ions. A 
source for K+-ions may be missing in the multi-step model. The F--concentration of the river 
water near Turmaville seems to be an outliner in the input data and may have a particular 
source. Of course the Cl--concentration of the modelled data fit relatively well to the original data 
from the Precipice Sandstone. This is due to the fact that in the first step of the model attempts 
to calibrate the chloride content of the input solution with the Precipice Sandstone aquifer data. 
The original Precipice Sandstone groundwater is undersaturated in Quartz (SI= -2.8, 
Chalcedony: SI= -3.2). The remaining Precipice Sandstone minerals Kaolinite (SI= -7.6), K-
feldspar (SI= -10.9), Albite (SI= -11.5), Anorthite (SI= -11.9), K-mica (SI= -8.3), Illite (SI= -14.4), 
Siderite (SI= -6.2) and Chlorite (SI= -11.0) are also undersaturated. Calcite (SI= 1.0), Aragonite 
(SI= 0.9) and Dolomite (SI= 1.7) are supersaturated. Hematite (SI= 10.3) and Goethite (SI= 4.1) 
are also supersaturated. It has to be mentioned that the saturation indices are based on the 
assumption of an Al-concentration of 3 µg/L, which is the detection limit of the analysis of the 
Precipice Sandstone groundwater. Since all analyses were below the detection limit, it was used 
as the maximum value. Figure 44 therefore shows the maximum saturation indices. It is possible 
that the minerals containing aluminium are even more undersaturated. The saturation indices of 
the modelled Precipice Sandstone groundwater simulation are mainly equal to zero, due to the 
approach of an equilibrium modelling. Nevertheless, the saturation index of K-feldspar with all 
three different input waters is negative (SIToowoomba = -8.9; SITurmaville/Warwick= -4.9), meaning that K-
feldspar is undersaturated and probably to dissolve. Only the kaolinite saturation index of the 
Toowoomba-model shows positive values (SIToowoomba = 4). This suggests a precipitation of 
kaolinite because it is supersaturated in the Precipice Sandstone groundwater. 
If the simplified assumption of surface water as an initial solution is correct, the results of the 
modelling show us that there are still fundamental errors in the model itself. The three modelled 
outputs are relatively similar to each other, although they derive from different initial solutions 
(with the exception of SO4--and F-). This suggests that the problem of the model is not really 
dependent on the input data, but rather on the steps needed to achieve the aquifer 
hydrochemistry from surface water. To improve the multi-step model an inverse modelling 
between the rainwater and the average Precipice Sandstone water was done. Unfortunately this 
was not successful, implicating that the primary multistep-model needs further adaptation and 
doesn’t yet represent the real hydrogeological circumstances. 
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Figure 44: Saturation indices of the mean Precipice Sandstone groundwater (from Moonie Oil Field 
data). Displayed are the main reservoir minerals, as well as Calcite, Aragonite, Dolomite and 
Halite. No Al could be detected in the Moonie Oil Field analysis, therefore the saturation indices are 
based on the assumption of 3 µg/L Al, which is the detection limit.  
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7. Discussion  
A major problem in addressing the research questions and investigating the Precipice Sandstone 
aquifer in the Moonie Area was the lack of data. The Southern Surat Basin has a very low data 
density especially from the Jurassic Precipice Sandstone. The main data source for 
hydrochemistry data in the Surat Basin is the GWDB. Unfortunately, this database is already 
known as inconsistent and without further data quality control considered as not reliable 
[Grigorescu, 2011a]. 
Besides the internal database problem with incomplete data sets, not correlating tables etc. the 
assignment of the aquifers is a major issue. As shown in Figure 3 the different assignment 
influences the results, especially assignments within the Jurassic stratigraphy. Recent research 
describes the boundary between Precipice Sandstone and the Evergreen Formation as a 
transitional zone with a gradual transition [La Croix et al., 2018]. This already indicates the 
difficulty to clearly distinguish between those two units. Due to this problem the allocations can 
vary and therefore, especially with a low amount of data, the compositional analysis could be 
biased. 
Besides the nomenclature bias a general complexity concerning clear definitions influences the 
analysis. There is no clear definition of aquitard and aquifer. In case of the Surat Basin the terms 
for the hydrological characteristics are based on the stratigraphy [OGIA, 2016]. It can be 
discussed if a stratabound hydrostratigraphy is useful or if it is better to purely base it on 
hydrogeological parameters. In most literature addressing the Surat Basin the Evergreen 
Formation is generally defined as a sealing aquitard [OGIA, 2016; Ransley and Smerdon, 2012; 
Grigorescu, 2011a]. Whereas La Croix et al. [2018] suggest that the lower part of the Evergreen 
Formation does not have the same potential sealing capacity everywhere, due to the presence of 
deltaic sandstones that may act as vertical fluid transmission pathways. 
 
7.1 Hydrochemical Composition of the Precipice Sandstone Aquifer 
A major task of this study was to find an endmember hydrochemistry for the Precipice 
Sandstone aquifer. With the few available data sets the average hydrochemistry suggests Na-
HCO3-type water, which is in agreement with literature like Grigorescu [2011a], OGIA [2016], 
Raiber and Suckow [2017] and Ransley et al. [2015]. This water type is common in sedimentary 
and alluvial aquifers of the Surat Basin [Baublys et al., 2015; Owen et al., 2015; Ransley et al., 
2015; Owen et al., 2016b]. 
Variations in the different sand units within the Precipice Sandstone were elaborated. Those 
differences are based on data sets from the 1960’s (56 sand and 58 sand) and on recently taken 
samples (2018, 58 sand and coproduced wells). The elaborated differences are based on the 
assumption of three different data types (56 sand, 58 sand and coproduced wells). However, it 
may also be possible that the differences are not solely due to those locally separated aquifers, 
but that there has been a general change in water chemistry over time. Figure 45 illustrates a 
biplot where the newly sampled data (2018, “new data”) are highlighted with yellow. Here a 
separation is visible. The location of the “new data” on the left side of the biplot represents a 
relative lower concentration of Na+ and HCO3-. Samples from the 1960’s also had relatively 
higher concentration of SO4-- than those collected in 2018, with an average concentration of 
28.8 mg/L and 3 mg/L, respectively. Additionally, the new samples from 2018 had a smaller TDS 
range (2500 – 3000 mg/L, average 2630 mg/L) than those collected from the 1960’s (2700 – 
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4000 mg/L, average 2770 mg/L). It is not clear if these temporal differences in hydrochemistry 
are due to changes that are associated with spatial variability of aquifer hydrochemistry and 
long-term groundwater pumping due to oil production, or are associated with some 
contamination, e.g. residual drilling fluids, in the earlier samples. However, the interpretation 
may be biased, as there is no new data available from the 56 sand. Nevertheless, the old 58 sand 
samples still plot more on the left side of the biplot and closer to the origin than the 56 sand 
samples, which supports the assumption of slightly different hydrochemistry within the 
different sand units. These differences can originate from different source rock regions of the 
Lower Precipice Sandstone and the Transition Zone. Grigorescu [2011b] describe a different 
feldspar variation within the two zones. The Lower Precipice Sandstone feldspar content 
consists mostly of plagioclase, whereas the Upper Precipice Sandstone is dominated by K-
feldspar. This suggests a different sediment source and therefore probably different 
hydrochemistry due to water rock interactions. This assumption is supported by a higher 
relative Ca++-concentration of the 58 sand, derived from higher plagioclase content. 
However, it is also important to note that the quality of the old Moonie Oil Field data (WCR) is 
debatable. The analysis methods of the 1960’s may be obsolete and the data set is incomplete in 
terms of Mg++. A data imputation was needed and several data sets had to be discarded to due 
presumable drilling mud contamination.  
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Principal Components:  
  clr. Na+ clr. K+ clr. Ca++ clr. Mg++ clr. Cl- clr. HCO3- clr. SO4-- clr. F- 
Cum. Prop. 
Exp. 
PC1 0.1196 -0.0685 -0.1922 -0.3704 -0.0819 0.1306 0.0000 -0.3500 0.5540 
PC2 -0.0197 -0.1426 -0.2651 0.8487 -0.1983 -0.0032 0.1404 -0.3602 0.7522 
PC3 0.2265 0.2846 0.1552 -0.0927 0.2881 0.2435 -0.3502 -0.7550 0.9083 
PC4 -0.3378 -0.1545 0.7424 0.0839 0.0967 -0.4345 0.2318 -0.2280 0.9564 
PC5 0.2470 -0.8506 0.0488 -0.0043 0.3947 0.2228 -0.0836 0.0253 0.9827 
PC6 -0.2408 0.1464 -0.4360 0.0435 0.7570 -0.3803 0.1044 0.0058 0.9999 
PC7 0.7589 0.0120 -0.0114 -0.0041 -0.0881 -0.6447 -0.0211 -0.0014 1.0000 
 
Figure 45: Biplot based on the principal components of the complete Moonie Oil Field data set (Na+, 
K+, Ca++, Mg++, Cl-, HCO3-, SO4-- and F-). “New data” are additionally marked with a yellow rim. 
Interpretation rules and explanation see chapter 5.2.3.. 
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7.2 Connection between Precipice Sandstone and Surface Water 
Concerning the surface water sampling campaign it has to be noted that most of the sample 
locations were water holes, only sample location WC5 was a partly flowing stream. This implies 
that the effects of stagnant waters must be taken into account while interpreting the data. Effects 
influencing the water chemistry are amongst others evaporation, rotting plant parts within the 
stagnant water, water pollution by animals or proximity to roads and agricultural areas [Khatri 
and Tyagi, 2014]. Another factor, which had had influence on the hydrochemistry of the surface 
water, was a rain event. After the second sampling day there was a heavy rain over night. Effects 
of dilution with rain water within the analysis of a single stream can be neglected due to either 
complete sampling before or after the rain event. However, the comparability of the Moonie 
River samples (before rain) with the Weir River or Wyaga Creek samples (after rain) is affected. 
Besides the factors influencing the sampling quality directly, there is a bias in the investigations 
of upward leaking of the Precipice Sandstone groundwater. These investigations are partly 
based on hydrochemistry data from the Rolling Downs group as an equivalent for the surficial 
water system. Of course, this hydrochemistry doesn’t necessarily represent the stream water, 
but is likely to be the most similar water type out of the GWDB. However a representative 
surface water composition would be better to use for these investigations. 
As one of the indicators for up-fault discharge potential the major ion compositions are used. It 
is debatable if this is a useful indicator because the expected peaks may not be visible due to low 
mixing proportions. If there is just a small influx of deep groundwater, the change in major ions 
may be negligible.  
A more significant indicator is the presence of higher chain hydrocarbons. The absence of C2-C4 
hydrocarbons in the surface water samples supports the theory of scenario S4 of sealing 
aquitards and a sealing Moonie Fault; at least between the Precipice Sandstone aquifer and the 
surface streams. Although the higher chain hydrocarbons are not increased in the surface water 
samples there are some samples with a higher concentration of methane. This can be 
interpreted as a result from biogenic methagonesis within the water holes [Khatri and Tyagi, 
2014]. 
 
 
7.3 Understanding the Evolution of the Precipice Sandstone 
Groundwater 
7.3.1 Stable Isotopes of Water 
The stable isotope data (δ 18O & δ2H) from the surface water samples seem to show evaporation 
trend, which seems to be logical because most of the data derive from water holes instead of 
flowing streams. A closer look on the trend from less evaporated sample locations to more 
evaporated sample locations reveals that there is no correlation of the evaporation trend within 
the river course or correlating with the size of the water holes.  
For example WR4 is the “freshest” (less evaporated) sample of the Weir River (see red data 
points in Figure 30). This sample location was just a very small water hole more like a puddle 
(Figure 46). A reason for this fresh isotope signature could be that this puddle is mainly the fresh 
rainfall water because the Weir River and Wyaga Creek were sampled after this heavy rain over 
night. The same happens with WC1 (the second freshest sample at the Wyaga Creek) which was 
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a small cow puddle. The freshest of all surface water samples is GC1 (which belongs to the 
Wyaga Creek as well, Figure 47). It is possible that this spot is also mainly recharged by fresh 
rainwater because it is located in a small depression close to a small road-bridge. This is a typical 
location for rainwater runoff from the surrounding.  
 
Figure 46: Sample location WR4 at the Weir River. At this location the lowest stable isotope values 
of the Weir River have been measured. 
7. Discussion 
71 
 
Figure 47: Sample location GC1 at the Wyaga Creek. The lightest stable isotope of water signature 
of all three streams was found at this location.  
MR7 and MR4 are the two Moonie River sample locations with the heaviest stable water 
isotopes and therefore the highest evaporation rate. Those two locations are not influences by 
the recent rain event and those two spots are exposed to direct sunlight. Figure 48 shows a 
picture of the sample location MR7, which indicates that the water hole dries out slowly, since 
the soil is gradually colouring; this might be an indicator for high evaporation rates at this 
location. 
 
Figure 48: Sample location MR7 at Moonie River. The heaviest stable water isotope signature is 
found at this location. The gradually colouring of the soil at the rims of the water hole indicate a 
sinking water table through evaporation. 
The isotope maps (Figure 32 and Figure 33) are used to investigate general trends within the 
continent of Australia that are intended to provide information on the origin of the Precipice 
Sandstone groundwater. All interpretations related to these maps must be considered with 
caution as they are based on a low data density.  
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There might be an isotopic light rain entering Australia in summer season from the North 
(around Mt. Isa, see green colours in distribution maps (Figure 32, Figure 33) and compare 
Figure 49) and probably going south-east-wards towards the recharge area of the Precipice 
Sandstone. This might be a reason for the light stable water isotopes at the Moonie Oil Field. 
Another suggestion can be a recharge of the aquifer during different climate. The low isotope 
values can indicate a colder climate because fractionation is strongest at lower temperatures.  
 
Figure 49: Rainfall patterns of the Australian monsoon. Rain entering from the north in summer 
season [Gentilli et al., 2012].  
7.3.2 Comparison of Data from Northern Surat Basin 
The methodology of comparing water analysis data from different regions is useful for areas 
with scarce data density. As described in chapter 6.3.1. the mineralogy between the study area 
and Zone North is comparable. There are just some minor differences in the Evergreen 
Formation mineralogy, which can be attributed to the fact that there is a transitional zone 
between the Evergreen Formation and the Precipice Sandstone. This unclear boundary can lead 
to an ambiguous assignment within the stratigraphic units and also has to be considered by the 
interpretation associated data. 
Although the mineralogy is generally quite similar, the transferability of the hydrochemical data 
is still controversial. This is due to the significantly different aquifer depths within the two areas. 
In Zone North the Precipice Sandstone is almost outcropping and has a maximum depth 
400 m b.s.l.. In the Moonie Area this Jurassic unit is located in a depth of 2100 m b.s.l.. This leads 
to different environmental conditions such as a much higher pressure and temperature which 
considerably influence the water rock interactions significantly and thus also the 
hydrochemistry.  
Besides the large recharge area of the Precipice Sandstone in the outcrop zone in the Northern 
Surat Basin it might be possible, that areas along the eastern margin of the Surat Basin also 
contribute to the Precipice Sandstone aquifer as well (see Figure 6). This is not yet conclusively 
documented and could be validated by 36Cl-isotope data. In conclusion the flow path and 
therefore also the age of the groundwater of the two compared regions is different. Generally the 
groundwater from Zone North is younger and has covered a significantly shorter flow path than 
the groundwater in the Moonie Area. As a result the water could exchange less long with the 
surrounding rocks. The groundwater from the Moonie Area is older and the time for kinetic 
reactions between water and surrounding rocks is longer. 
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7.3.3 Modelling the Geochemical Evolution of the Precipice Sandstone Groundwater 
Although the hydrogeochemical modelling attempts with PhreeqC could not deliver a final 
result, it is still an important step to understand the underground processes. The very simplified 
model doesn’t reflect reality and the major deviations were found in terms of the carbonate 
system (HCO3- & pH). Maybe an additional HCO3--source is needed to achieve the Na-HCO3-type 
groundwater of the Precipice Sandstone. Researchers like O'Shea and Jankowski [2006] suggest 
that soil-generated CO2 dissolving carbonates and silicates releases HCO3-. Schofield and 
Jankowski [2004] in contrast propose a magmatic CO2-source and Lavitt [1999] found CO2 
coming from mantle degassing into the Great Artesian Basin. A change in partial pressure is also 
possible to change the pH within the modelling.  
Another deviation from the hydrochemical analysis of the Precipice Sandstone water is the 
missing K+-ion in the modelled output. Potassium is strongly held by clay particles in soil. 
Leaching of potassium through the soil profile into groundwater may be a possible source. 
Potassium is also common in many rocks like K-feldspar or micas. Another source may be 
anthropogenic potassium through fertilizer in agriculture [MPCA, 1999]. As the saturation 
indices of the Precipice Sandstone minerals have shown the K-feldspar is undersaturated in the 
groundwater and probably dissolving. This may be a possible source for K+-ions in the Precipice 
Sandstone groundwater as well.  
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8.  Conclusion & Outlook 
All in all this study investigated the characteristics of the Precipice Sandstone aquifer and 
assessed evidence supporting or refusing up-fault discharge potential towards the surficial 
drainage system.  
Precipice Sandstone groundwater data from the Moonie Oil Field describe a brackish Na-HCO3-
water type. It is assumed that the recharge area is in the northern outcrops of the Precipice 
Sandstone with potential contribution from recharge along the eastern margins of the Surat 
Basin. Different hydrogeochemical processes influence the rainwater to achieve this distinct 
water type. This includes cation exchange, especially between Ca++- ions and Na+-ions, which is a 
common mechanism to produce Na-HCO3-water types [Toran and Saunders, 1999]. The cation 
exchange can derive from marine sediments or from other mineral weathering like plagioclase 
or sodium-bearing clay minerals [Skipsey, 1975; Caswell et al., 1984; Daniels and Altaner, 1990; 
Uysal et al., 2000; Owen et al., 2015]. The high bicarbonate concentration can derive from silicate 
weathering, particularly under conditions of clay mineral saturation [Owen et al., 2015]. 
Venturelli et al. [2003] explain this water type as a product of long-term water-rock interaction 
with dissolution of Na-silicates in presence of phyllosilicates, silica phases, and calcite and a 
possible CO2 source coming from deeper crustal levels, from the mantle. Hanor and McManus 
[1988] describe the formation of Na-HCO3-water types as a reaction of carbonic acid with Na-
bearing silicates and a subsurface generation of CO2 through carbonate dissolution. 
The evolution of the Na-HCO3-water type in the Precipice Sandstone in the Surat Basin has not 
yet been researched in detail. To sum up, a combination of different processes may result in the 
formation of Na-HCO3-water types which includes cation-exchange and an additional carbonate 
source.  
A major task of this study was to assess the up-fault discharge potential of the Precipice 
Sandstone along the Moonie Fault system into the surficial drainage system. This assessment 
showed that scenario S2 and S5 can be excluded. No evidence was found for an up-fault 
discharge; neither fluids nor gases seem to rise along the Moonie Fault into the surface water. At 
current circumstances (hydraulic head might be different over time) the fault system seems to 
be a sealing feature and no pathway for fluid or gases. Nevertheless, the different scenarios 
shown in Figure 13 are just a few of possible hydrogeological situations. There are much more 
scenarios possible, such as inter-aquifer connectivities just between deeper stratigraphic units. 
Those inter-aquifer connectivities are not necessarily represented by surface phenomena. A 
lateral drain into the Dawson River discharge is also a possible scenario, which is discussed in 
UQ-SDAAP [2019]. Other scenarios can include locally differences in extend of aquitards, or even 
complex down- and upward leaking at least for gases, as water leaking-directions are restricted 
to the local hydraulic head. La Croix et al. [2018] also point out that there might be a vertical 
fluid transmission pathway through aquitards as e.g. Evergreen Formation, as shown in scenario 
S3 (Figure 13).  
Table 8 illustrates the different characteristics of the conceptual models. The individual fields 
are coloured to examine the probability of the scenarios. The colouring is based on the 
investigation of an up-fault discharge towards the surface. S1 seems to be the mostly likely 
scenario considering a connection between the Precipice Sandstone and the surface waters. 
However, since especially the criteria of the hydrocarbons contradict this scenario it may be 
likely to have a perfect seal towards the surface but a leakage in-between deeper units, most 
likely along the fault system. 
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To completely understand the hydrogeological situation in the Surat in the Moonie Area much 
more data and research is needed. Especially in the Jurassic stratigraphic units a narrower 
sampling network over the whole Surat Basin is needed to completely understand the origin and 
possible trends of this special water type in the Precipice Sandstone aquifer. Well spread data 
are necessary to get sound knowledge about groundwater flows and catchment areas. With a 
higher data density, it would probably be possible to trace back groundwater flows and resolve 
potential local variations in aquifer catchment areas. 36Cl isotope data can help to determine the 
groundwater age and therefore flowpath as well.  
To better understand the influence of the Moonie Fault System on the hydrogeological processes 
it is also important to take samples on both sides of the fault. At the moment all the Precipice 
Sandstone water analysis data originate from the Moonie Oil Field on the eastern side of the 
Fault system. However the notional CO2 injection site is on the western side of the fault. To 
secure a safe carbon geostorage.it is necessary to investigate the eastern side of the fault system 
as well. 
In further research a special focus should be put on the interactions between the deeper Jurassic 
aquifers and the shallow aquifers like the Rolling Downs Group or the Kumbarilla Beds. As this 
study excluded the scenarios of leakage to the surficial drainage system the Moonie fault can still 
act as a pathway within the deeper stratigraphic layers.  
 
With regard to the background of this thesis, which investigates the Precipice Sandstone as a 
potential CCS reservoir, there are still many open research questions. Due to the limited data 
availability of the water analysis, it was not possible to fully understand the underground 
processes, which are an important aspect in terms of CO2 storage in the subsurface. A hydraulic 
modelling and a more detailed geochemical modelling can be useful to understand these 
processes and thus assess the risks of CCS in the Precipice Sandstone aquifer. In order to 
implement a robust model a much higher and more resilient data density is required 
beforehand.  
Furthermore a feasibility study is needed to investigate the appropriateness of the Precipice 
Sandstone as carbon geostorage. The Precipice Sandstone is one of the freshest aquifers in the 
Surat Basin and usage conflicts of the aquifer as portable water supplier and/or CO2 storage 
have to be considered. Unfortunately most of the higher saline aquifers in the Surat Basin are 
located in shallower depths and are not suitable for CCS. 
Although a major change in CO2 emissions is needed in terms of climate change, in my opinion it 
might be useful to think about fighting the causes instead of counteracting the effects. 
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Table 8: Characteristics of the conceptual scenarios. Assumptions how the individual topic and its properties behave depending on the 
scenario. The fields are coloured in green, if the characteristic is fulfilled, yellow, if it is not clear and red, if it is not fulfilled. 
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D.  Data 
D.1. Moonie Oil Field Data 
 
Table 9: Analysis data from 7 different wells in the Moonie Oil field, sampled in September 2018. 
A. 
Parameter RN ANALYSIS_NO Sample Date sand unit 
Top 
Perforation 
Bottom 
Perforation 
SPC  pH Temp  
Unit         [m] [m] 
[μS/cm 
@25°C] 
  [°C] 
Analysis M37 EB1822551002 16/09/2018 coproduced 1726.39 1777.59 1211 8.1 43.2 
  M32 EB1822551004 16/09/2018 coproduced 1724.86 1772.11 2320 8.23 43.1 
  M34 EB1822551006 16/09/2018 coproduced 1712.98 1766.93 2462 8.37 53.2 
  M21 EB1822551007 16/09/2018 coproduced 1719.07 1775.16 2167 8.4 49.8 
  M30 EB1822551001 16/09/2018 
 upper  
58 sand 
1772.72 1776.98 1336 7.88 42.8 
  M31 EB1822551003 16/09/2018 
lower  
58 sand 
1767.38 1777.59 1235 8.11 47.4 
  M2 EB1822551005 16/09/2018 
lower  
58 sand 
1766.32 1776.07 1341 8.08 47.9 
 
B. 
Parameter RN TDS  
Free 
CO2 
Total 
CO2 
Hydroxide 
Alkalinity 
Carbonate 
Alkalinity 
Bicarbonate 
Alkalinity 
Total 
Alkalinity as 
CaCO3 
Total 
Alkalinity as 
HCO3 
Unit   [ppm] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] 
Detection 
Limits 
    1 1 1 1 1 1 1 
Analysis M37 1330 18 1280 <1 <1 1430 1430 1744.6 
  M32 1166 10 1120 <1 31 1250 1280 1561.6 
  M34 1009 8 1130 <1 55 1250 1300 1586 
  M21 887 7 1100 <1 59 1210 1270 1549.4 
  M30 1550 45 1440 <1 <1 1590 1590 1939.8 
  M31 1240 13 1130 <1 <1 1270 1270 1549.4 
  M2 1271 13 1330 <1 28 1480 1510 1842.2 
 
C. 
Parameter RN SO4 Cl Ca Mg Na K F 
Total 
Anions 
Total 
Cations 
Ionic 
Balance 
Unit   [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [meq/L] [meq/L] [%] 
Detection 
Limits 
  1 1 1 1 1 1 0.1 0.01 0.01 0.01 
Analysis M37 4 196 16 2 712 32 4.2 34.2 32.8 -2.09 
  M32 2 195 15 1 686 23 6.9 31.1 31.2 0.16 
  M34 3 196 15 1 688 24 8.5 31.6 31.4 -0.32 
  M21 4 180 11 1 657 17 7.5 30.5 29.6 -1.50 
  M30 2 188 11 2 779 23 2.9 37.1 35.2 -2.63 
  M31 4 190 17 1 680 26 6.9 30.8 31.2 0.65 
  M2 2 193 22 3 762 32 5.8 35.6 35.3 -0.42 
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D. 
Parameter RN Al As Ba Cu Fe Li Mn Si Sr Zn 
Unit   [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] 
Detection 
Limits 
  3.0 ppb 9.5 ppb 0.4 ppb 2.4 ppb 1.2 ppb  2.8 ppb 0.8 ppb 
393 
ppb 
0.1 ppb 9.4 ppb  
Analysis M37 <DL <DL 0.47 <DL 0.11 0.25 0.02 19.70 0.40 <DL 
  M32 <DL <DL 0.48 <DL 0.13 0.21 0.03 19.47 0.39 <DL 
  M34 <DL <DL <DL <DL 0.05 0.22 0.02 18.87 0.75 0.02 
  M21 <DL <DL <DL 0.00 0.07 0.20 0.02 18.52 0.48 0.34 
  M30 <DL <DL 0.41 <DL 0.17 0.26 0.01 18.65 0.46 <DL 
  M31 <DL <DL 0.49 0.00 0.09 0.22 0.01 19.42 0.44 <DL 
  M2 <DL <DL 1.74 <DL 0.02 0.27 0.04 18.49 0.72 <DL 
 
E. 
Parameter RN DOC Methane Ethene Ethane Propene Propane Butene Butane δ18O δ2H 
Unit   [mg/L] [μg/L] [μg/L] [μg/L] [μg/L] [μg/L] [μg/L] [μg/L] 
VSMOW 
[‰] 
VSMOW 
[‰] 
Detection 
Limits 
  0.2 10 10 10 10 10 10 10     
Analysis M37 3.7 5200 <10 123 <10 182 <10 629 -7.1 -45 
  M32 2 3470 <10 66 <10 111 <10 203 -6.8 -45 
  M34 2.1 2080 <10 50 <10 175 <10 295 -6.6 -45 
  M21 3.4 2480 <10 117 <10 296 <10 384 -6.6 -44 
  M30 3.6 6040 <10 79 <10 74 <10 162 -7.0 -46 
  M31 3.2 3800 <10 72 <10 118 <10 333 -6.8 -41 
  M2 3.4 5190 <10 109 <10 314 <10 894 -6.8 -46 
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D.2. Surface Water Data 
Table 10: Analysis data from surface water samples. The Moonie River (MR), Weir River (WR and 
Wyaga Creek (WC/GC) were sampled in November 2018. 
A. 
Parameter 
Sample 
ID 
Sample Date Time GIS_LNG GIS_LAT pH Temp SPC DO 
DO 
satu-
ration 
Turbi-
dity 
Unit             [°C] 
[μS/cm 
@25°C] 
[mg/
L] 
[%] [NTU] 
Analysis MR2 07/11/2018 8:50 150.584458 -27.387524 7.96 27.2 170.9 6.36 80.1 308 
  MR3 07/11/2018 9:45 150.48724 -27.411852 7.14 22.9 143.3 0.33 3.9 392 
  MR4 07/11/2018 10:40 150.45387 -27.490561 7.85 28.6 258.0 4.21 54.3 3863 
  MR5 07/11/2018 11:20 150.43115 -27.531661 7.92 26.0 174.8 5.06 61.9 234 
  MR6 07/11/2018 12:15 150.29276 -27.615612 7.27 23.0 143.7 0.68 7.8 836.1 
  MR1 06/11/2018 17:40 150.291066 -27.625206 7.28 22.7 155.9 1.54 18.5 887.4 
  MR7 07/11/2018 13:15 150.23813 -27.714473 7.87 30.7 228.5 4.57 61.3 484 
  MR8 07/11/2018 14:10 150.151 -27.733944 7.72 31.1 137.5 3.83 52.1 649 
  MR9 07/11/2018 15:45 150.06816 -27.763531 8.27 27.8 399.7 5.54 70.7 760 
  MR10 07/11/2018 16:30 149.86111 -27.796497 7.78 28.0 158.2 4.72 60.3 813 
  MR11 07/11/2018 17:15 149.72018 -27.82071 7.97 26.7 210.8 4.38 54.5 1151.6 
  WR1 08/11/2018 8:50 150.38205 -27.865963 8.00 19.7 213.9 5.15 56.3 782.6 
  WR2 08/11/2018 9:25 150.34855 -27.899488 7.59 20.1 168.6 2.39 26.4 459.7 
  WR3 08/11/2018 10:30 150.21802 -27.968799 7.80 20.4 270.0 2.37 26.2 441.3 
  WR4 08/11/2018 11:35 150.14631 -28.051521 7.31 21.3 200.4 1.82 20.7 1652.8 
  WR5 08/11/2018 12:25 150.10146 -28.156055 7.57 23.2 235.4 0.08 0.9 1240 
  WC1 08/11/2018 13:45 150.66095 -28.158308 8.82 26.2 409.5 0.86 10.6 6310 
  GC1 08/11/2018 14:25 150.60611 -28.165674 7.30 25.1 74.7 2.63 32.6 50.1 
  WC2 08/11/2018 15:55 150.29618 -28.299263 7.61 22.2 170.3 2.41 27.7 804 
  WC3 08/11/2018 16:50 150.18247 -28.296563 7.82 23.7 178.3 5.18 61.2 1658 
 
B. 
Parameter 
Sample 
ID 
Hydro
x. Alk. 
Carb. 
Alk. 
Bicarb. 
Alk. 
Total 
Alk. as 
HCO3 
SO4 Cl Ca Mg Na K 
Total 
Anions 
Total 
Cations 
Ionic 
Balance 
Unit   [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [meq/L] [meq/L] [%] 
Detection 
Limits 
  1 1 1 1 1 1 1 1 1 1 0.01 0.01 0.01 
Analysis MR2 <1 <1 58 58 9 13 5 2 26 6 1.71 1.70 -0.29 
  MR3 <1 <1 55 55 <5 8 6 3 18 5 1.32 1.46 5.04 
  MR4 <1 <1 81 81 10 28 4 2 47 3 2.62 2.48 -2.75 
  MR5 <1 <1 57 57 2 17 3 2 32 5 1.66 1.83 4.87 
  MR6 <1 <1 46 46 3 15 3 2 23 4 1.40 1.42 0.71 
  MR1 <1 <1 59 59 4 16 4 2 25 4 1.71 1.55 -4.91 
  MR7 <1 <1 82 82 <5 17 9 5 28 10 2.13 2.33 4.48 
  MR8 <1 <1 44 44 8 12 4 2 19 5 1.38 1.32 -2.22 
  MR9 <1 <1 132 132 3 34 6 3 76 6 3.66 4.00 4.44 
  MR10 <1 <1 55 55 3 14 4 2 22 5 1.56 1.45 -3.65 
  MR11 <1 <1 87 87 4 11 8 4 29 5 2.13 2.12 -0.24 
  WR1 <1 <1 87 87 4 17 6 4 33 4 2.30 2.17 -2.91 
  WR2 <1 <1 60 60 1 16 6 4 24 5 1.67 1.80 3.75 
  WR3 <1 <1 100 100 <1 20 11 7 33 7 2.56 2.74 3.40 
  WR4 <1 <1 50 50 5 22 4 3 27 5 1.72 1.75 0.86 
  WR5 <1 <1 81 81 6 18 6 4 27 11 2.25 2.08 -3.93 
  WC1 <1 <1 158 158 11 30 6 2 82 3 4.23 4.11 -1.44 
  GC1 <1 <1 33 33 <1 3 5 2 6 5 0.74 0.80 3.90 
  WC2 <1 <1 65 65 6 13 4 2 27 7 1.79 1.72 -1.99 
  WC3 <1 <1 65 65 7 13 4 2 26 8 1.81 1.70 -3.13 
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C. 
Parameter Sample ID Al Ba Co Cr Cu Fe Li Mn Ni Si Sr Zn 
Unit   [ppb] [ppb] [ppb] [ppb] [ppb] [ppb] [ppb] [ppb] [ppb] [ppb] [ppb] [ppb] 
Detection 
Limits 
  2.9 0.5 1.6 1 0.6 0.6 243 0.2 0.6 104 0.2 1.2 
Analysis MR2 0 0 0 <DL 0 0 <DL 0 0 0 0 <DL 
  MR3 295 88 3 <DL 10.2 229 <DL 137 10.3 10125 119 <DL 
  MR4 367 76 2.7 <DL 15.3 179 <DL 118 13.8 15292 77 <DL 
  MR5 589 152 <DL <DL 5.6 2197 286 45 7.3 9464 90 <DL 
  MR6 364 47 <DL <DL 12.9 282 <DL 43 8.3 12199 55 <DL 
  MR1 339 56 <DL <DL 27.8 220 <DL 67 9.2 12469 64 <DL 
  MR7 230 96 2.7 <DL 8 867 <DL 163 8.1 13598 141 <DL 
  MR8 455 69 1.6 <DL 5.9 890 <DL 42 8.1 10837 72 <DL 
  MR9 268 74 <DL <DL 9.4 262 <DL 11 8.7 8325 100 <DL 
  MR10 265 72 1.7 <DL 8.1 365 <DL 66 7.7 11207 73 <DL 
  MR11 191 78 <DL <DL 5.1 172 262 40 7.9 9526 123 <DL 
  WR1 0 0 0 <DL 0 0 0 0 0 0 0 <DL 
  WR2 645 132 3.1 <DL 9.7 2266 285 246 8.9 11138 116 <DL 
  WR3 161 117 4.1 <DL 5.4 1317 288 585 8.1 12217 175 <DL 
  WR4 162 72 2.8 <DL 7.4 219 268 215 9.3 15762 71 <DL 
  WR5 145 112 2.7 <DL 4.6 81 <DL 496 7.3 9128 111 <DL 
  WC1 181 71 <DL <DL 13.2 55 <DL 7 7.9 5851 128 <DL 
  GC1 407 73 2.1 <DL 1.9 363 <DL 93 6.5 4230 72 <DL 
  WC2 236 61 1.7 <DL 13.9 223 273 79 7.7 9625 89 <DL 
  WC3 235 50 <DL <DL 28 202 <DL 10 7.3 9718 72 <DL 
 
D. 
Parameter 
Sample 
ID 
Methane Ethene Ethane Propene Propane Butene Butane 
δ2H δ18O 
222Rn 
average 
Unit   [μg/L] [μg/L] [μg/L] [μg/L] [μg/L] [μg/L] [μg/L] 
VSMOW 
[‰] 
VSMOW 
[‰] [Bq/m
3] 
Detection 
Limits 
  1 1 1 1 1 1 1       
Analysis MR2 1 <1 <1 <1 <1 <1 <1 4.2 1.49 47.3 
  MR3 4 <1 <1 <1 <1 <1 <1 -14.0 -2.68 25.35 
  MR4 <1 <1 <1 <1 <1 <1 <1 25.5 5.30 47.325 
  MR5 2 <1 <1 <1 <1 <1 <1 7.8 3.48 3.625 
  MR6 1 <1 <1 <1 <1 <1 <1 -5.1 -1.38 15.75 
  MR1 <1 <1 <1 <1 <1 <1 <1 2.9 0.20 25.225 
  MR7 4 <1 <1 <1 <1 <1 <1 33.2 7.38 32.575 
  MR8 1 <1 <1 <1 <1 <1 <1 19.4 4.30 25.2 
  MR9 <1 <1 <1 <1 <1 <1 <1 18.8 4.19 18.9 
  MR10 <1 <1 <1 <1 <1 <1 <1 20.0 4.65 14.5 
  MR11 <1 <1 <1 <1 <1 <1 <1 19.3 4.57 14.5 
  WR1 11 <1 <1 <1 <1 <1 <1 34.3 7.79 63.2 
  WR2 122 <1 <1 <1 <1 <1 <1 20.0 4.42 36.2 
  WR3 18 <1 <1 <1 <1 <1 <1 32.9 7.22 15.75 
  WR4 1 <1 <1 <1 <1 <1 <1 15.7 3.75 25.35 
  WR5 134 <1 <1 <1 <1 <1 <1 21.4 4.94 72.425 
  WC1 5 <1 <1 <1 <1 <1 <1 8.4 1.05 25.225 
  GC1 31 <1 <1 <1 <1 <1 <1 -19.0 -2.99 7.25 
  WC2 3 <1 <1 <1 <1 <1 <1 -0.7 1.82 22.05 
  WC3 <1 <1 <1 <1 <1 <1 <1 20.3 5.42 44.15 
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D.3. PhreeqC Model 
A. Code 
#-----------------------------------------------------------------------------------------------------------------------------------------------------------------------# 
# Multistep-Conceptual-Model representing the recharge path of the water in the Lower Precipice Sandstone with Rainwater from 
Toowoomba as initial solution! # Alice Mahlbacher - updated: 16/08/2018. # 
#-----------------------------------------------------------------------------------------------------------------------------------------------------------------------# 
#INPUT DATA 
#Rainwater from Toowoomba (CRSIO - Report, Crosbie 2012) 
 #Rainwater from Toowoomba seems to be closest to the recharge area. 
#Soil mineralogy 
#Mineralogy from Cabawin 1- Average of Lower Precipice. 
 #Conversion from weight-% to mol with chemical formula of minerals and porosity. 
 #Due to the lack of the rock-density the conversion may be erroneous.  
#Temperature from geothermal gradient of Cabawin1 at 2100 m depth is 72.366°C and at 10 m depth is 20.200°C.  
 #Geothermal Gradient is approx. 2.5 °C / 100 m. 
#SIMULATION STEPS 
#1st: Evaporate input water (either rainwater or riverwater (basalt water is not going to be evaporated due to its depth)). 
 #Evaporation rate tested in a separate model to achieve the Cl-concentration of 180 mg/l (Molality = 5.08E-03), which is the 
concentration in the Lower Precipice (Bridgeport data). 
#2nd: Generate a solution with the same concentration as evaporated solution, but a mass of 1kg water. 
#3rd: Equilibration of water with soil minerals (soil processes) 
 #Partial Pressure = 3x atm pressure 
#4th: Equilibration of water with minerology of the Lower Precipice. 
 #Proportional distribution derived through conversion (see above). 
#-----------------------------------------------------------------------------------------------------------------------------------------------------------------------# 
TITLE 1. Rainwater (Toowoomba) Evaporation to Cl-concentration in Lower Precipice. 
SOLUTION 1 
    temp      19.975 
    pH        5.3 
    pe        4 
    redox     pe 
    units     mg/l 
    density   1 
    Alkalinity 0.07 meq/l 
    Ca        0.85 
    Cl        3.66 
    K         0.19 
    Mg        0.35 
    Na        1.54 
    S(6)      0.91 
    -water    1 # kg 
REACTION 1 
    H2O(g)     -1 
    54.38 moles in 1 step  # remove this amount of moles (derived through testing in another model!) to achieve a molality of 
5.088E-03 Cl- 
# 1 kg water = approx. 55.506 mol --> 54.38 = 97.97 % of the water is going to be removed 
# simulate concentration of water by approximately 49.26-fold by removing 97.97 percent of the 
water, resulting solution contains 0.0203 kg of water 
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SAVE solution 2 
END 
#-----------------------------------------------------------------------------------------------------------------------------------------------------------------------# 
TITLE 2. Mixing after Evaporation to recover 1kg of water 
MIX  # Mix is used to generate a solution that has the same concentrations as the evaporated solution,  
# but has a total mass of water of approx. 1kg 
 2 49.26 
SAVE solution 3 
END 
#-----------------------------------------------------------------------------------------------------------------------------------------------------------------------# 
TITLE 3. Soil processes 
USE solution 3 
PHASES 
Biotite 
   KMg3AlSi3O10(OH)2 + 6H+ + 4H2O = K+ + 3Mg+2 + Al(OH)4- + 3H4SiO4  
        log_k  0.0 
EQUILIBRIUM_PHASES 1 
    CO2(g)    -2.93 
    Ca-Montmorillonite 0 10 
    Calcite   0 10 
    K-mica    0 10 
    Kaolinite 0 10 
    Biotite 0 10 
 
REACTION_TEMPERATURE 1 # Temperature in 10m depth is 20.200 °C (Cabawin Geothermal Gradient). 
        19.975 20.200 in 5 steps 
SAVE solution 4 
END 
#-----------------------------------------------------------------------------------------------------------------------------------------------------------------------# 
 
TITLE 4. Reaction with deep surface Mineraology 
USE solution 4 
EQUILIBRIUM_PHASES 2  # Minerology from XRD Data at Cabawin. 
    Albite    0 0.398 
    Anorthite 0 0.398 
    K-feldspar 0 0.283 
    K-mica    0 0.956 
    Kaolinite 4 6.656 
    Siderite  0 0.175 
    Quartz    0 213.36 
 
REACTION_TEMPERATURE 2 # Temperature in 2100m depth is 72.366 °C (Cabawin Geothermal Gradient). 
        20.200 72.336 in 5 steps 
SAVE solution 5 
END 
#-----------------------------------------------------------------------------------------------------------------------------------------------------------------------# 
#-----------------------------------------------------------------------------------------------------------------------------------------------------------------------# 
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B. Geothermal Gradient 
 
 
Figure 50: For the calculation of the geothermal gradient in the Southern Surat Basin data from the 
Cabawin1 wells (WCR) is used. The resulting geothermal gradient is approximately 2.5 °C/100m.  
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